
Repr in ted  from ARCHtvES o f  BiornKMisTKV a n d  Biopiiysic.h, Volutiip 145, No. 2, A u g u s t  1971 
C o py r igh t  ©  1971 b y  Acitdemic Pi'eas, Inc. Printed in  U .S .A .

A R C H IV ES OK BIO CH EM ISTRY  AND B IO PH Y SIC S 145, 470-483 (1971)

Enzyme Electrophoresis on Cellulose A cetafe G el: Zymogram  

Patterns in M an—Mouse and M an—Chinese Hamster 

Somatic Cell Hybrids^

P. M E E R A  K H A X

DepartmenI of Human Genetics, State Universily of Leiden, Leiden, Netherlands 
Heceived February 16, 1971, accepted April 27, 1971

Because of the occurrence of preferential loss of human chromosomes and the 
existance of built-in enzyme markers, the man-mouse and nian-Chinese hamster 
somatic cell hybrid systems have become important tools for genetic analysis of man. 
Cellulose acetate gel (Cellogel) was found to have certain additional advantages over 
the other supporting media for zymogram analysis. Therefore, techniques, developed 
during the course of a series of investigations on somatic cell hybrids in our labora­
tory, are described for the electrophoretic characterization of glucose-6 -phosphate 
dehydrogenase, nicotinamide adenine dinucleotide phosphate-dependant isocitrate 
dehydrogenase, lactate dehydrogenase, nicotinamide-adenine dinucleotide-depend- 
ant malate dehydrogenase, 6 -phosphogluconate dehydrogenase, indophenole oxidase 
(1), hypoxanthine-guanine phosphoribosyl transferase, phosphoglucomutase, and 
phosphoglycerate kinase® in the man-mouse and man-Chinese hamster somatic cell 
hybrid systems, on Cellogel. The results are briefly discussed.

It  is ail established fact that a .single amino 
acid substitution in a polypeptide chain may 
change the electrophoretic mobility of the 
constituted protein. Enzyme protein was 
shown to be no exception to this effect (2). 
This is obviously due to a change in the net 
charge of the protein molecule. This happens 
usually when the replacing amino acid 
carries a charge different from that of the 
replaced amino acid. This is presumably a 
reflection of the substitution of the corre­
sponding base-pair in that part of the D N A 
molecule which determines the structure of 
the protein molecule, i .e ., a mutation in the 
structural gene.

The process of evolution of the species

‘ Supported by grant GM 13415 from the 
USNIH and by grant 13-23-04 from FUNGO of the 
Netherlands Organization for the Advancement 
of Pure Research (Z. W. 0 .) .

* The lU B Enzyme Commission numbers and 
the systematic names corresponding to this trivial 
nomenclature of these enzymes appear in Table 
III.

can be comprehended as an accumulation of 
adaptive mutations. Therefore, the evolu­
tionary divergence between different species 
would naturally result in the occurrence of 
enormous interspecific variation with respect 
to the nucleotide .sequences at their homol­
ogous genetic loci. Thus, the interspecific 
somatic cell hybrids such as man-mouse (3) 
or man-Chinese hamster (4) would present 
a huge catalogue of built-in genetic markers.

The number of available genetic markers 
for the study of these hybrids is, therefore, 
practically limited by the number of proteins 
or enzymes for which proper assay systems 
are available to distinguish the human type 
from the type of the other partner in the 
hybrid cell. The most widely used assay pro­
cedure has been the zymogram method.

The preferential loss of human chromo­
somes from the man-mouse and m an- 
Chinese hamster somatic cell hybrids would 
lead to the formation of a spectrum of 
hybrid cells with varying numbers and com­
binations of human chromosomes, in addi-



tion to the complete set of mouse or Chinese 
hamster chromosomes, as the case might be.

The foregoing features have made these 
hybrid systems ideal tools for human 
genetic analysis. The rationale for such a 
study is simple and straightforward. Linked 
genes are either retained or lost together. 
They do not dissociate in the absence of 
chromo.somal rearrangement. Thus, con­
sistent phenotypic association suggests link­
age and nonassociation moans iionlinkage, 
provided the phenotypic expressions of the 
genes involved are not subject to regulation. 
The strategy of electrophoretic analysis of 
enzymes in the man-mouse .somatic cell 
hybrids for the genetic analysis of man has 
been thoroughly discussed and a handful of 
studies are on record to substantiate the 
importance of zymogram approach to 
genetic studies on somatic cell hybrids (5).

M any types of supporting media have 
been used for enzyme electrophoresis ever 
since Hunter and M arkert (6) develop(‘d a 
method for demonstrating enzymes on 
starch gel by zone electrophoresis followed 
b y  histochemical staining.

Cellulose acetate gel (Cellogel from 
Chemetron, v ia  G . Modena, 24, Milan, 
Italy) is one such medium available in the 
ready-to-use form. Neither cooling nor re­
frigeration is necessary during electrophore­
sis. Relatively large numbers of samples can 
be assayed economically in a short time. 
Separation of most proteins is rapid and 
clear. The aliquots required for assays, the 
amounts of various reagents used for stain­
ing, and the incubation period during stain­
ing are minimal. The Cellogel technique has 
been routinely used in this laboratory for 
screening human populations for the red cell 
enzyme polymorphisms (7-12).

The purpose of the present paper is to 
describe the techniques of Cellogel electro­
phoresis for certain enzymes employed by 
us in studying the man-mouse and nian- 
Chinese hamster somatic cell hybrids (4, 
13 -16 ) .

M ATERIALS AND METHODS

The man-mouse and man-Chinese hamster 
somatic cell hybrids and their parent cell lines 
used in these studies were kindly provided by

Drs. O. J .  Miller, S. Shin, A. Westerveld, K.-H. 
Grzeschik, and B . Deys and they were described 
in detail elsewhere (4, 13, 15). Methods are de­
scribed here for characterizing the electrophoretic 
bphavior of G6PT)», NADP-IDH, LD II, NAD- 
M D II, 6-P G l), IPO, H GPRT, PGM, and PGK in 
the human (Ms2, Ma6'2, and Ms64), mouse (Lj,#, 
Ag, and B«) and Chinese hamster (DON) cells, 
and in man-mouse (Aj/RBC and Aj/ADC) and/or 
man-Chinese hamster (aj/Ms2, aa/Ms2, and Wg3/ 
Lymph) somatic cell hybrids. Cellogel in aheetH 
(16 X  17 cm) of 0.5-mm thickness is used as the 
Hupporting medium of electrophoresis (9). This 
thickness of the gel is critical for ensuring a good 
separation and sharp appearance of the enzyme 
bands.

Preparation of cell lysales. About 5 X 10* cells, 
trypsinized and suspended in the culture medium, 
are washed thrice with isotonic saline. They are 
resuspended in 0.15 ml of “lysis” buffer (see 
below) and sonicated for 10 sec in an ice bath. The 
energy level is set at 7, when the Sonocone eoni- 
cator (of Powertron Division, Giannini Control 
Corp., Plainview, N. Y .) is used. The sonicate is 
mixed thoroughly with 0.1 ml of carbon tetrachlo­
ride and centrifuged at 27,000^ for 30 min at 4°. 
A clear supernatant fluid gives good results, up to
1 week if stored at 4". Storage at —20° preserves 
the enzymes longer, but may result in distorted 
patterns of G6PD on electrophoresis. In our ex­
perience the extracts of freshly trypsinized, un­
frozen cells gave the best results.

Lynis buffer. This comprises 5 X 10"* m phos­
phate buffer, pH 6.4, containing 1 X 10“* M 
NajEDTA, 1 X 10“* m ^-mercaptoethanol, 1 X 
10“« M di-isopropylfiuorophosphate (D FP), and
2 X  10“* M nicotinamide adenine dinucleotide 
phosphate (NADP). These constituents are found 
to be protective to the enzymes, especially when 
the assays cannot be performed soon after soni- 
cation.

Electrophoresis. The electrophoretic buffer 
systems for these enzymes are described in Table
I. Table II  includes details of all the reagents used 
in different reaction mixtures. The enzymes are

* Abbreviations: 0 6 P P , glucose-6-phosphate
dehydrogenase; NADP-IDH, nicotinamide ade­
nine dinucleotide phosphate-dependent isocitrate 
dehydrogenase; LHD, lactate dehydrogenase; 
NAD-MDH, nicotinamide adenine dinucleotide- 
dependent malate dehydrogenase; 6-PGD, 6- 
phosphogluconate dehydrogenase; IPO, indo- 
phenol oxidase (1); H G PRT, hypoxanthine- 
guanine phosphoribosyl transferase; PGM, phos- 
phoglucomutase; PG K, phosphoglycerate kinase; 
T K , thymidine kinase.



listed in Table 111 with pavtifiulars of their elee- 
trophorosis and staining.

The Cellogel stored in 5(y/o niethanol is blotted 
between two ftheets of fiive-grained filter paper aud 
soaked in appropriate electrophoretic buffer for 
about 10 min. The gel is blotted aud soaked in 
fresh buffer twice more and left under the same 
buffer for use. Care has been exercised not to 
allow the formation of white patches in the gel, 
due to excessive drying, throughout the entire 
procedure.

Shandon Universal Electrophoresis tank {MK
II  or U77) is used with au in-between shoulder- 
gap of 9 cm. The buffer-impregnated gel is blotted 
and positioned in the tank with its penetrable 
surface facing upward and its free ends hanging 
into the buffer in the end compartments. Keeping 
the amperage constant, the initial voltage is set to 
200 V and the system is equilibrated for 10 min.

The current is broken and a 2- to 3-^1 aliciuot of 
each sample is applied with a 2-^1 Pleuger micro­
pipette at about 5 mm (but 20 mm for LD II) 
away from and parallel to the cathodic shoulder 
piece as a straight streak. Ton to twenty samples 
can be assayed on a standard sheet (16 X  17 cm) 
depending upon the type of enzyme and purpose 
of electrophoresis. On complete adsorption of the 
samples applied on the gel, the current is made 
again and the starting time is noted. The buffer 
system, the duration of electrophoresis, and the 
composition of specific reaction mixture for ea<̂ h 
enzyme are described separately in Table I I I .

A refjuired amount of appropriate reaction 
mixture is freshly prepared at the end of each run. 
The current is broken; the gel is marked, and the 
hanging ends are cut off. The porous side of the gel 
is repeatedly brought into contact with the reac­
tion mixture spread on a ghiss plate for about 30 
sec for all the enzymes but 6P(1U (see Meera 
Khan and Rattazzi, 9) and IIG P IIT  (see Shin el a l., 
14). The gol is blotted and incubated on a clean 
dry glass plate in a moist chaml)ec at room tem­
perature. For dehydrogenases the colored band.s, 
and for IPO and PGK, the colorless band.s, indi­
cating the positions of enzyme protein, appear in 
the gel. After the bands are satisfactorily de­
veloped, the reaction is stopped by immersing the 
gel in 40% formaldehyde for 5 min. The gel is 
waslied under tap water and preserved under dis­
tilled water at 4“ for several months or made trans­
parent for permanent record (17).

Staining: General principle. When the electro- 
phoresed gel is treated with the reaction mixture 
containing an appropriate substrate and coen- 
zyme together with an electron carrier (phenazine 
methosulfate) and tetrazolium salt (M TT), a zone 
of color due to diformazan production appears 
wherever a dehydrogenase occurs.

Specific siaintrig. The specific stain recipe for 
each enzyme described in Table I I I  is so arranged 
that the final volume of reaction mixture is just 
svifflcient to treat one standard sheet (16 X  17 cm) 
of Cellogel.

RESU LTS AND DISCUSSION

The (‘lectroplioretic patterns of G6PD^ 
N \\D P -n )H , I.DH . X A D -:\ID H , 6-PGD, 
H d P U T , IPO, PG M , and P G K  on cellulose 
acetate gel are presented in Figs. 1-9  and 
.summarized in Table IV . In view of the 
aceumuhited knowledge on such zymograms 
(see, for example, Shaw, 19 , aud Booiie ai\d 
iluddle, 20), the figures are presumed to be 
self-explanatory. However, more remarkable 
features of individual electropherograms, if 
any, are described under legends to the re­
spective figures.

The role of seleclable as well as detectable 
biochemical genetic markers of the cultured 
mammalian cells in the genetic analysis of 
man via  interspecific somatic cell hybrids, 
has been amply elucidated by several 
groups (:i, 4, 20, 2 1 , 24-27).

In spite of the occurrence of remarkable 
evolutionary diversity, only SO-90% of the 
homologous enzymes studied were found to 
be electroplioretically distinguishable either 
between human aud murine or between 
human and Chinese hamster phenotypes. 
Tliis is certainly not surprising. MacCluer 
has calculated that about three quarters of 
all the single amino acid substitutions in a 
given polypeptide chain are electrophoreti- 
cally undetectable (19). Moreover, the 
zymogram phenotype of a given protein is, 
aft,er all, an expre.ssion of the interaction 
betwecTi the net charge on the functional 
molecule and it.̂  conformation and size— 
the changes that an evolving protein would 
eventually undergo.

Nevertheless, the “ indistinguishable”  wild 
interspecific enzyme phenotypes can be made 
distinguishable by employing a mutant cell, 
with au apjjropriate electrophoretic variant, 
as a fusion partner in the hybrid cell. To 
choose a suitable mutant cell line of a given 
partnei- is relatively easy for many enzymes, 
becavise of the fact that, about 40% of the 
enzymes studied are found to be poly­
morphic both in man and mouse (28, 29) 
and it might be the same for other mammals 
inchiding Chinese hamster. For example,



TA BLE I 
R m o c t r o p h o r k s is  Bupfkr Systkms

I Tria 0,06140 M Soln I<* Tris 72.8 g 7.5
(TEC “0.075” ) JODTA 0.00400 M Acid EDTA 9 ,4 g

Citric acid 0.01360 M H2O to 8000 ml
Soln II Citric acid 31.5 g

NajKDTA 3 .0 fi
II2O to 2000 ml

II Tris 0,03367 M Soln I" Tris 38.8 g 7.5
(TEC “0.04” ) EDTA 0,00400 M Acid EDTA 9.4 g

Citric acid 0.00683 M HjO to 8000 ml
Soln II Citric acid 16.8 g

NajEDTA 3 .0 g
HjO to 2000 ml

I I I Tris 0.01833 M Soln T'’ Tris 19.4 g 7.5
(TEC “0,02” ) EDTA 0.00400 M Acid EDTA 9.4  g

Citric acid 0,001(57 M H2O to 8000 ml
Soln II Citric acid 4 ,2 g

NasEDTA 1.5 g
I I 2O to 1000 ml

IV NasIIPO* 0.01 M Soln I N aaiP04-2H j0 17.8 g 7.0
Citrate-P04 “0.01” Citric acid 1.54 X lO-iiM II2O to 9900 ml

Soln II Citric acid 5.0 g
IlaO to 100 ml

The pH of solution 1 is adjusted by adding about 65 ml of solution I I  and the final volume of the buffer
is brought to 10,000 ml with HjO

V NaslIPO^ 0.012 M Soln I N a JIP ()r 2 lL 0 3.56 K 7.0
Phoaphiite “0.02” NaH.2P()4 0.008 M I I2O to 1000 ml

Soln II NallsPOi-IhO 2.76 g
\U 0  to 1(X)0 ml

Solutions I and II aro mixed in a 3:2  proportion to get the desired pH

VI Sodium veronal (0.04 m) Sodium veronal 8.25 g 10.0
Veronal “0.04” IliO to 1000 ml

" iSoliitina I is adjuHted to required pH with solution II.

th e  usua l L D II  of m a n  is elec tropbo ro ti- 
ca lly  in d is tin g u ish ab le  from  th e  L D H  B  of 
m ouse. R u d d le  et al. (21) h av e  fused m ouse 
cells w ith  th e  ly m p h o cy te s  from  a  h u m an  
donor, h e te ro zy g o u s fo r a u  L D H  B  v a r ia n t. 
T h e  v a r ia n t  w as read ily  d is tingu ishab le  from  
th e  m u rin e  p a t te r n  an d  it m ade  th e  h u m an  
g en e tic  an a ly sis  invo lv ing  L D H  B  locus 
feasib le . B u t  th e  possib ility  o f th e  existence 
of a  linked  cross-regu la to ry  gene fo r L D H  B 
could  n o t be excluded  in  th e  m an -m o u se  
so m atic  cell h y b r id  system .

T lie  p ro b lem  could  h av e  b ee n  easily

solved if a  m u ta n t  hom ozygo te  w ere fused. 
B u t, to  o b ta in  a  h u m a n  hom ozygo te  fo r a 
ra re  m u ta tio n  is extrem elj'- d ifficult if  n o t 
im possible. A lte rn a tiv e ly , a  h y b rid  b e tw een  
a m am m alian  cell w ith  d istingu islm ble 
L D H  B  an d  th e  h u m a n  f ib ro b last m ay  be 
su itab le . T h e  L D H  B  of m a n  an d  th a t  of 
C h inese  h a m s te r  a re  also in d is tingu ishab le  
w hereas th e  L D H  B  of S y rian  h a m ste r  is 
defin ite ly  slow er th a n  its  h u m a n  hom ologue 
on  C ellogel e lec trop lio resis (F ig . 10). T h u s, 
th e  m a n -S y ria n  h a m sto r  som atic  cell 
h y b rid  m ay  "be ideal fo r solv ing th e  L D H  B



TA BLE II
L i s t  o f  R e a g h n t s  f o r  S p e c i f i c  H r a c t i o n  M i x t u r e s

Storage
temp

A,
Buffers
Tris-HCi with EDTA

Aj Tris-HCl 

A* Tris-H Cl with MgSO*

Â  Tris-UC)

B.
Bi

Ionic solutions 
CoCU (0.25 m )  (BD II)

12.11 g Tris (I.O m) and 0,149 g 8.6 
Naj ED TA  {0.004 m) in 100
ml (pH adjusted with 1:1 
IICl)

4.36 g Tris (0.36 m )  in 100 ml 8 .0  
(pH adjitatcd with 1:1 HCI)

0.666 g Tris (0.055 m) and 0.123 7.4 
K M g S 0 r7 II ,0  (0.005 m) in 
100 ml (pH adjusted with 1;1 
HCI)

12.11 g Tris (0.1 m) in 1 liter 9.5 
(pH adjusted with 1;1 HCI)

KCN (0.003 M) (Fisher 
Sci. Co.)

MgClj (0.1 m) (Merck)

Bi

C.
Cl

c ,

CoCl2-6I l 2() 5.05 g
HjO to 100.0 ml
KCN l <).5 jng
HjO to 100.0 ml
MgClrOIIiO 2.033 g
HjO to 100.0 ml

MnCl, (0.0J26 m) (BDH ) MnCl»-4HjO 0.247 g
n *O to  100.0 ml

Substrates
PR PP (S-phosphorihosyl 2,0 mg in 7 ml of final mixture 

pyrophosphate)
(Sigma)

Hypoxanthine-8-‘C  (sp 50>iCi/ml 
act 4,13 mCi/mmole).
(New England Nuclear 
Corp., Bfwton, i\Iasg.)

6PG (gluconate-6 -phoa- 10 mg/uil 
phate triaodium salt)

C.

Cl

(Boehringer)
G -l-P  (glucose-l-phos- 16 mg/ml 

phoric acid dipotas­
sium salt) BDH

0-l,6-d iP (gluco8e-l,6- 1 mg/6ml 
diphosphate tetracyclo- 
hexylammonitim salt)
(Boehringer)

06P(ghico8e-6-phosphate 20 mg/ml 
disodium salt) (Sigma) 

lCA(ui,.isocitric acid 85 mg/ml 
triNa salt puriss)
(Koch-Light)

3PG(3-phoaphoglycerate 30 mg/ml 
tricyclohexyl- 
ammonium salt)
(Boehringer)

Sodium lactate solution G.4 g/100 ml (0.4 m) 
coutaming 70-72% w/w 
CH 3-CH (0H )C00N a 
(BDH)

c . .  L-Malic acid (Baker) 2 .m  g / w  m l ( 2  m ) ( p H

adjusted with NaOH solji)

C7

C,

C,

G6PD, 6PGD, PGK, 
LDH, IPO

NAD-MDH, PGK, 
IDH 

IIG P llT

H GPRT washing 
buffer

G6PD and 6PGD

PGM

PGM, PGK 

IIJH , NAD-MDH

H GPRT

-20®  HGPRT

- 2 0 “ 6PGD 

- 20“ PGM 

- 2 0 °  PGM

-20®  G6 PD 

- 2 0 “ tCD

- 2 0 ° PGK 

LDH



TA BLE I I —Continued

Storage
temp

D. Coenzymes
Di NAD 0?-nieotinaraide 10 mg/ml

adenine dinucleotide, 
free acid, reagent 
grade II)  (Boehringer)

D: NADH 0-nicotinamide 10 mg/ml
adenine dimicleotide, 
reduced form, disodium 
salt, reagent grade II)
(Boehringer)

D 3 NADP ((8-nicotinamide 4 mg/ml
adenine dtnucleotide 
phosphate, disodium 
salt) (Boehringer)

E . Miscellaneous
El ATP (adenosine-5'-tri- 35 mg/ml

phosphate disodium 
salt) (Boehringer)

E j EDTA(ethylenediamine' 15.78 g/liter (0.054 m )  (neu- 
tetraacetie acid, free tralized with NaOH soln) 
acid) (Baker)

F . Enzymes
F i G6PD (glucose-6 -phos- 1 mg/ml 

phate dehydrogenase, 
reagent grade I I ,  sus­
pension) (Boehringer)

F* GAPD (glyceraldehyde- 40 U/ml 
3-phosphate dehydro­
genase suspension)
(Boehringer)

G. Histochemicals
Gi M TT tetrazolium 2.0 mg/ml

(Pearae) 3-(4,5-di- 
methylthiazolyl-2)-2,5- 
diphenyltetrazolium 
bromide (Sigma)

G j PMS (phenazine metho* 0.4 mg/ml 
sulfate) (Sigma)

- 2 0 °  LDH, MDIi

-2 0 °  PGK

7.0

-20° G6PD, 6PGD, PGM, 
IDH

- 2 0 “ PGK

PGK and PGM

4 “ PGM

4“ PGK

4° G6PD, IDH, LDH, 
MDH, 6PGD, IPO, 
PGM, PGK

4® As th a t of Gi

p rob lem , p ro v id ed  such  a  h y b rid  is possible 
a n d  also  undergoes a  p re fe ren tia l loss of 
h u m a n  chrom osom es from  i ts  genom e, as in 
th e  case of m a n -m o u se  o r m an -C h in ese  
h a m s te r  cell h yb rid s.

S ince th e  rea liza tio n  th a t  b o th  th e  
p a re n ta l genom es a re  fu n ctio n al inside th e  
so m atic  h y b rid  cell (30), th e  zym ogram  te ch ­
niques h av e  b ee n  ex tensively  used  to  de tec t 
th e  (h y b rid ) n a tu re  o f th e  fused  cells a n d  for 
gene tic  an a ly sis  o f m an  via  in terspecific 
so m atic  cell h y b rid iz a tio n . B u t ce r ta in  cri­
te r ia  h av e  to  b e  sa tisfied  in  each  case. In  th e

in  vitro m ix tu res of in terspecific  cell ex tra c ts , 
th e  IP O  of m a n  a n d  m ouse or m a n  an d  
C hinese h a m s te r  a n d  th e  ID H  of m a n  an d  
m ouse sp o n tan eo u sly  fo rm  th e  be teropo ly - 
m eric  m olecules u n d e r  th e  cond itions w hich 
do  n o t affect th e  artific ia l m ix tu res o f o th e r  
hom ologous enzym es s tu d ied  in  th e  sam e 
w ay. T h e  in te rm e d ia te  b an d s  seen  in  such 
in stan ces (channels 3 an d  4, F ig. 7 an d  
channel 6 , F ig . 2), the re fo re , c a n n o t be h e lp ­
ful in  th e  d e tec tio n  of th e  h y b rid  n a tu re  of 
th e  fused cell. A n  elec trophoresis  fo r P G M  
CFig. 8 ) o r P G K  (F ig . 9) also will n o t be



TA BLE III
L i s t  o f  E n z y m u s  w i t h  P a r t i c u i -.v u s  o k  T h e i r  E l e c t r o : h o u f .s i s  a n d  S t a i n i n g  o n  C e i . i -o q f . l

Enzyme: trivial name (abbreviation; KC number; 
systemat ic name)

Buffer
system

t;liicose-6-phosphate dehycirogcnaso 
(G6 PD; EC 1.1.1.49; i)-Glucose-f)-phos- 
phate: NADP oxidorediictaac)

Isocitrate dehydrogenase (NAI)P) 
(N A D P-ID H ; EC 1.1.1.42; lhreo-D,-\so- 
citrate; NADP oxidoreductase) (decar- 
boxylating) ^

Lactate dehydrogenase (LD H ; EC 1.1.1.
27; L-Lactate: NAD oxidoreductase) 

Malate dehydrogenase (NAD-M I)H; EC 
1.1.1.37; i.-Malate: NAD oxidorediic- 
taso)

6 -Phosphogluconate dehydrogenase (6 - 
P(^iD; EC 1.1.1.44; 6-phoapho-D-gluco- 
nate: NADP oxidoreductase) (decar- 
boxylating)

Ilypoxanthine-guanine phosphoribosyl 
transferase (HGPHT; EC 2.4.2.S; IM P: 
pyrophosphate phosphoribosyl trans­
ferase)

Indophenol oxidase (IPO ; see Hrewer (1) 
for a detailed discussion on the genetics 
of this less-defined oxidase) 
Phosphoglucomutase (PGM; EC 2.7.5.1; 

a-D-glucose-1,6-diphosphate: a-n-glu- 
cose-1-phosphate phosphotransferase) 

3-Phosphoglycerate kinase (PG K ; EC 
2.7.2.3; ATP: S-phospho-n-glycerate 1- 
phosphotransf erase)

1 (18)

IV

IV

II

Run
(hr)

2V2

Recipe for “ staining”  mixture"

V (13)

IV

I I I

2,4

0.5 ml At ; 0.2 ml D3 , Ce , Gi , 
Gj , Bi

1.0 ml Aj ;0 .2 m lD , , C7 , B< ; 
0.4 ml (ii , Gj

1.0 ml A, ,C» ; 0.4 ml D, , G, , 
Gj

1.0 ml A2 ; 0.2 ml Cio > B< , I3i; 
0.4 ml Gi , G2

l . O m l A i  ; 0 . 2 m l D 3 , C ,  ,G i ,
C.2 , B,

2.00 mg C. ; 6.65 ml A, ; 0.35 
ml Cj

4.4. ml A, ; 0.8 ml G, , Gj

0.8 ml Aj ; 0.2 ml B , , E j , B j , 
Ds ,C i  ; 0 .4 m lC 4 ;5 / i lF , ; 

0.2 ml Gi , Gj 
Stain I (fluorescent): 1.0 ml 

Aj ;0 .2m IB5 ,E 2 ,D , ,E ,  , 
C, ; 10 /il F 2 

Stain Il(histochem ical): 2.00 
ml A| , Gi , Gj

Final
volume

(ml)

Incu­
bation

time
(min)

1.5

2.4

3.2

2.4

2.0

7.00*

6 . 00"

2.60

2.01 

6.00

10

15

5

10

15

60

60

15

W

“ Reagents of these recipes are described in Table II  and it is advisable to add them in the given 
order.

‘ DEAE-cellulose paper kept in contact with the gel is treated with the reaction mixture. After incu­
bation in a moist chamber at room temperature for 60 min, the DEAE-cellulose paper is washed in the 
buffer A4 and dried, and subjected to chromatography in A4 itself. For details see Shin el al. (13).

'  After treating uniformly and copiously with the reaction mixture the gel is incubated in an illumi­
nated moist chamber till white bands appear against blue background indicating the position of the 
oxidase (1).

In about 10 min of incubation of the gel in a moist chamber at room temperature, sharp quenched 
bands appear against the fluorescent background indicating the position of the enzyme when excited 
with a long wave uv light. The uv-excited gel can either be photographed directly before the bands get 
diffused (Fig. 9A) or the gel can be stained histochemically by which the PGK bands stay colorless while 
the backgroimd becomes dark blue (Fig. 9B). For this purpose, soon after the satisfactory appearance 
of quenched bands, the gel is copiously treated with Stain II , and incubated for about 15 min in an 
illuminated moist chamber.

uweful fo r th is  p u rpose  as iie itlie r form s p e n d e n t clones of a  g iven  fused  cell line
hetero p o ly m eric  m olecules (T ab le  IV ). m ay  in d ica te  th e  h y b rid  n a tu re  of th e  cell
N everthe less , th e  .segregation of a  n u m b er in  m an -m o u se  or m a ii-C h in ese  h a m ste r
of such  h u m a n  m ark e rs  in  a  series of inde- cell system .
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F i g .  1, Two electropherograms (1-5 and 6-11) stained for glucose-G-phosphale dehy­
drogenase showng hdman (1 and 6), mouse +  human (2), mouse (3), man-raouse cell hy­
brid (4 and 5), Chinese hamster (7 and 11), Chinese hamster +  human (8), and man-Chinese 
hamster cell hybrid (9 and 10) patterns. (Mixture of sonicates of different parental cell 
lines in ('hannels 2 and 8.) The gel 1-5 hag longer nm (2 hr 50 min) and incu­
bation (30 inin) than the gel 6-11 which has 2 hr 15-min run and 15-min incubation. Other­
wise, G 6PI)’b from Chinese hamster and mouse migrate identically in this system. Note 
the prese/ice of intermediate bands indicating the positions of heterospecific heteropoly- 
meric enzyme molecules (channels 4, 5, 9 and 10) of the somatic cell hybrids which are not 
formed in the mixtures of different parental cell lysates (channels 2 and 8). The differences 
in the relative intensities of the two homopolymeric and their heteropolymeric enzyme 
bands between samples 4 and 5 or 9 and 10 are striking. The significance and implications 
of these variations are discussed in detail by Miller ei al. (13) and Meera Khan el al. (15), 
respectively.

J3y virtue of their formation of the hetoro- 
polymeric molecules (expressed in the form 
of intermediate bands in the zymograms), 
only in the hybrid cells but never in the 
mixtures of parental cell lysates under the 
conditions described, the G6PD (Fig. 1), 
or N A D -M D H  (Fig. 4) electrophoresis in 
the man-mouse system and G6PD (Fig. 1), 
LD H  A  (Fig. 3). or G-PGD (Fig. 5) electro­
phoresis in the man-Chinese hamster system 
are found to be useful in detecting the hybrid 
nature of these fused C(ills. Once the hybrid 
nature of the cells is established, all the 
enzyme markers either individually or col­
lectively become useful in the genetic 
analysis of man.

Enzyme electrophoretic studies, on man- 
mouse somatic cell hybrids, have made it 
possible to study the gene-gene linkage 
relationships (21, 27) and gene-chromosome

associations in man (24, 26) at the somatic 
cell level. The dispute regarding the origin 
of thymidine kinase (T K ; E C  2 .7 .1.2 1)  (25) 
or of H G P R T  (14) in certain “ aberrant”  
lines of man-mouse somatic cell hybrids, 
was settled by analyzing their electro­
phoretic patterns.

Acquisition of evidence for mitotic sepa­
ration of genetic loci (G6PD  and H G P R T ), 
already known to be on the same chromo­
some (X) in man (13 ) ; or confirmation of a 
suggested association of a new marker 
(PG K ) to the human X  chromosome (15 ); 
or the utilization of such data in identifying 
the relative positions of loci for different 
enzyme markers (H G PRT , G6PD , and 
P G K ) along the human X  chromosome could 
be made possible only througli the zymogram 
studies on man-mouse somatic cell hybrids 
(16). The same material and methods can
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Fig . 2. Zymogram of NADP-dependant isocitrate dehydrogenase showing human (1 

and 4), Chinese hamster (2), Chinese hamster +  human (3), man-mouse cell hybrid (5), 
mouse +  human (6), and mouse (7) patterns. In several series of man-Chinese hamster 
hybrid clones tested, no instance of the retention of human IDH was noticed by us (Wester- 
veid el al.). In seven series of man-mouse hi’brids only one (A»/ADC of Miller el al.) has 
retained the gene for cytoplasmic component of human IDH (channel 5) in which an in­
termediate band is formed. A similar intermediate band is also formed in the mixture of 
lysates of cultured human and mouse fibroblasts (channel 6) bat not in that of human and 
Chinese hamster (channel 3). The mitochondrial component of IDH from different sources 
appears to be distinguishable. Nevertheless, the human form of mitochondrial IDH is not 
seen either in the artificial mixtures (channels 3 and 6) or in the man-mouse hybrid (channel 
5). (Mixture of sonicates of different parental cell lines in Channels 3 and 6.)
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F i g . 3. Electrophoretic mobilities of lactate dehydrogenase isozymes on Cellogel, show­
ing human (1), Chinese hamster DON (2), human +  DON (3) and three different cloned 
man-Chinese hamster somatic hybrid (4, 5, and 6) ceil patterns. (Mixture of sonicates of 
different parental cell lines in Channel 3.) The DON or any other Chinese hamster fibro­
blastic cell line has only one band corresponding to the Chinese hamster LDH A, i.e., 
A A A A’ (see also Fig. 10). The hybrid cells of channels 4, 5, and 6 appear to have retained 
the human LDH A, human LDH B, and human LDH A and B loci, respectively, in their 
genomes, in addition to the Chinese hamster locus for LDH A. The probable subunit struc­
ture of each band is indicated opposite to its position. A’ in this figure represents the LDH A 
subunit of DON and A and B the human LDH subunits. The significance of the occurrence 
of various patterns in different clones of man-Chinese hamster cell hybrids is discussed bv 
Westerveld el al. (4).
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J i g .  4 . Zymogram of the NAD-dependant MDH showing Chinese hamster (I), Chinese 
hamster +  human (2), human (3), man-mouse cell hybrid (4), human +  mouse (5), and 
mouse (6) patterns. (Mixture of sonicates of different parental cell lines in Channels 2 and 5 ) 
As in the case of ID II, the human NAD-MDH is also lost in all the man-Chinese hamster 
hybrid cell hnes tested. Nevertheless, an absence of linkage between the loci for cytoplasmic 
fractions of NADP-IDH and NAD-MDH in man is reported by Ruddle el al. (21), and our 
own observations on man-mo\ise somatic cell hybrids (Meera Khan and Siniscalco, unpub­
lished data) are in agreement with this.

6PGD
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F ig .  5. Electrophoretic patterns of 6-phospho- 
gluconate dehydrogenase in human (1), Chinese 
hamster (2 and 5), Chinese hamster +  human (3), 
and man-Chinese hamster hybrid (4 and 6) cells 
cultured in  vitro. (Mixture of sonicates of different 
parental cell lines in channel 3.) The human and 
murine (not shown in the figure") bands are not 
readily distinguishable. Therefore, the man- 
Chinese hamster somatic cell hybrid system be­
came important in human genetic analyesis in­
volving the 6-PGD locus of man, while the man- 
mouse hybrid system turned out to  be a less easy 
tool for this purpose.

HGPRT
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F ig .  6. Autoradiographs (1, 2 and 3, 4) showing 
the electrophoretic migration of H GPRT from 
Chinese hamster DON (1), human WBC (2), 
human fibroblast (3), and mouse L9» (4) cells. 
Chinese hamster enzyme migrates slightly slower 
than the mouse enzyme. The broader pattern of 
human W BC indicates contamination by RBC 
(see Shin el al.).



IPO
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Fio. 7. lOleotrophoresis of iucloplnmol oxidase on Cellogol. The gel presents human (1), 

mouse (2 and 7), humim +  mouse (3), human +  Chinese hamster (4), man Chinese hamster 
cell hybrid (6), and (Chinese hamster (6) samj)les. Note the formation of an intermediate 
band in each of the mixtures (channels 3 and 4) of parental cell lysates. (Mixture of soni­
cates of different parental cell lines in Channels 3 and 4.)

PGM
[+]

cni6-,

4-

1 2 3 4 5 6
Fia . 8. Zymogram of phosphoglucomutiise-i showing mouse (1), mouse +  human (2), 

human (3), man-Chinese hamster hybrid (4), human +  Chinese hamster (5), and Chinese 
hamster (6) iiatterns. (Mixture of sonicates of different parental cell lines in Channels 2 and 
5.)

be exp lo ited  fru itfu lly  in  d e tec tin g  tlie new  
X -lin k ed  enzym e m a rk e rs  in  m an  by sc re en ­
ing th e  h y b rid  cells fo r all th e  possible 
enzym es w hose gene tics a re  n o t y e t d e te r ­
m ined , because  of th e  sparseness  of th e ir  
v a r ia tio n  in  th e  h im ian  p o p u la tio n s  so far

explored  (IG). T h e  sam e is tru e  also to  th e  
T K  gene ca rry in g  h u m a n  chrom osom e 
E i7-i8 ; because, th is  as well as th e  X  are th e  
only chrom osom es in  m a n  p ro v ed  a t  p re s ­
e n t lo  be ca rry in g  dep en d ab le  se lectab le 
m arkers.
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F ig . 9. A. Klectropherogram of S-phosphoglycerate kinase on Cellogel. Staiu I: 
Quenched bands are seen againat fluorescent background when excited by long-wave ultra­
violet light, indicating the positions of PGK of mouse (1), human +  mouse (2), man-mouse 
hybrid (3), human (4), man-Chinese hamster hybrid (5), human +  Chinese hamster (6) 
and Chinese hamster (7). (Mixture of sonicates of different parental cell lines in Channels
2 and 6.) B . When Stain I  is followed by Stain I I  the fJuorescent background is stained dark 
blue while the nonfluorescent bands remain white. Note that the interspecific hybrids do 
not form detectable hetetopolymeric enzyme. An omission of 3-PG or ATP from the re­
action mixture does not produce these nonfluorescent bands. The cultured fibroblasts de­
rived from the skin of a boy deficient in red cell PGK (23) which showed only 2% of the nor­
mal fibroblastic activity as determined by the method of Blanchaer et al. (22), did not form 
a detectable nonfluorescent band even on prolonged incubation (15). ThePGK gene locus 
was suspected to be X-linked in man by Valentine el al. (23) during their study on an iso­
lated kindred in which two boys, related through their female ancestors, were affected by 
red cell PG K  deficiency and the fathers were normal while the mothers had intermediat-e 
expression for erythrocyte PGK activity. By utilizing a number of independant clones de­
rived from man-mouse and man-Chinese hamster somatic cell hybrids via zymogram ap­
proach, it could be possible to show that the locus for PGK is on the X-chromosome in man
(15).

T h e  w ild ty p e s  of h u m a n  an d  m urine  
G-PG D  a re  fo und  to  b e  id e n tic a l in  th e ir  
e lec tro p h o re tic  m ob ility  o n  Cellogel in  the  
buffer sy s tem s I , I I ,  o r I I I  (T ab le  1). B u t 
th e  6 -P G D  p a t te rn s  of m a n  a n d  C hinese 
h a m s te r  a re  rea d ily  d is tingu ishab le  (F ig . 5). 
R e c e n t s tu d ies , o n  m a n -C h in ese  h am ste r 
so m atic  cell h y b rid s  in d ic a ted  linkage b e ­
tw ee n  th e  loci fo r 6 -P G D  an d  P G M i in  m an 
(W esterv e ld  a n d  M e e ra  K h a n , in  p re p a ra ­
tio n ) . T h ese  tw o  loci a re  th u s , p resu m ab ly  
lo ca ted  on  th e  sam e h u m a n  chrom osom e. 
B u t, o n  th e  o th e r  h a n d , fam ily  s tu d ies  su g ­

g es ted  non linkage b e tw e en  th e  loci fo r 6 - 
P G D  a n d  P G M i in  m a n  (31, 32). T h is  
w ould im p ly  th a t  if a t  all th e  P G M i an d  
B PG D  loci a re  p re se n t on  th e  sam e chrom o­
som e in  m an , th e y  a re  se p a ra te d  b y  m ore 
th a n  50 crossover u n its . N everthe less , th e  
possible occurrence of th e  so-called  ch rom o­
som al c o a d a p ta b ility  in  th e  in terspecific 
so m atic  cell h y b rid s  m a y  le ad  to  th e  a p p e a r­
ance of spurious linkages b e tw e en  m arkers  
on  d iffe ren t chrom osom es (26). A s m o st of 
th e  h u m a n  p o p u la tio n s  a re  po lym orph ic  for 
b o th  P G M i a n d  6 -P G D , i t  sh o u ld  b e  easy
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F i g .  10. LDH patterns on electrophoresis of the extracts from Chinese hamster heart 
tissue (A), Chinese hamster diaphragmatic tissue (B ), Syrian hamster heart tissue (C), 
Syrian hamster diaphragmatic tissue (D), and cultured human fibroblasts (E).

TA BLE IV
A n  A n a l y s i s  o f  t h e  Z y m o g r a m  P a t t e r n s  i n  M a n - M o u s e  a n d  M a n - C h i n e s e  H . ^ m s t e r  S o m a t i c  C e l l

H y b r i d s  a n d  T h e i h  P a r e n t s

Man-mouse hybrid system Man-Chinese hamster  hybrid system

Enzyme
Human

+
mouse

Human
Human Mouse Hybrid Kuman Chinese

ham ste r
+

Ch. ham­
ster

Hybrid

G6PD Slower Faster 2 bands 3 bands Slower Faster 2 bands 3 bands
IDH Faster Slower 3 bands” 3 bands Faster Slower 2 bands 6

(cytoplasmic)
LDH A Slower Faster 2 bands i> Slower Faster 2 bands 5 bands
LDH B Indistinguishable 1 band 1 band' Indistinguishable 1 band 1 band'
NAD-MDH Slower Faster 2 bands 3 bands Slower Faster 2 bands b

(cytoplasmic)
6-PGD Indistinguishable 1 band 1 band' Slower Faster 2 bands 3 bands
HGPHT Faster Slower 2 bands Not

known
Faster Slower 2 bands Not

known
IPO Faster Slower 3 bands'* k Faster Slower 3 bands" 3 bands
PGMi Slower Faster 2 bands b Slower Faster 2 bands 2 bands
PGK Slower Faster 2 bands 2 bands Slower Faster 2 bands 2 bands

* See Discussion.
‘ So far no example is found in which the loci of both the species were present together in our series 

of hybrid clones (Miller el al. (13); Westerveld et al. (4)).
‘  Presumed pattern.



to  o b ta in  dono rs w ith  d iffe ren t p h en o ty p ic  
com binations. T h e  fu«ioii o f lym phocy tes 
from  th e m  w ith  C hinese lu im ste r cells 
shou ld  be of g rea t u se  in confirm ing  th is 
linkage h y p o th esis  a n d  in  s tu d y in g  tiie 
occurrence of so m atic  crossing  o v er in vitro.
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