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A C T A  B I O C H I M I C A  P O L O N I C A  

Vol. IX  1962 No. 3

ZOFIA KURATOWSKA, E. KOWALSKI, B. LIPIŃSKI and ELIGIA MICHALAK

PREPARATION OF THE ERYTHROPOIETIC FACTOR 
FROM HUMAŃ BLOOD PLASMA *

D ep a rtm en t o j H ealth  P ro tec tion , ln s ti tu te  o j N uclear R esearch , W arszaw a

In recent years num erous reports  on the isolation and chem istry 
of erythropoietin, the hum oral factor stim ulating erythropoiesis, have 
been published [7, 8 , 1 2 ]. Golctwasser and coli. [1 2 , 4] startimg with 
plasm a from anaem ic sheep succeeded in concentrating the erythropoietic 
activity by chrom atographic techniąues. They dem onstrated th a t this 
activity  was connected w ith the a 2-glycoprotein 'fraction of plasma 
proteins. Łowy et al. [6 ] obtained sim ilar results w ith rabbit blood 
plasma using amm onium  sulfate fractionation and adsorption on suitable 
adsorbents.

In this report some findings concerning the presence of erythropoie
tin in hum an blood and the possibility of its isolation are described.

MATERIAŁ AND MET1IODS

Materials and Chemicals. Blood from  polycythaem ic patients was 
obtained by venipuncture, and plasm a was separated by centrifugation. 
Cohn fractions, obtained by the Cohn’s m ethod 6  [1 ] from 80 lit. of 
plasm a bf regular blood donors, were kindly supplied by the Blood 
Derivatives Division of the  ln stitu te  of Haematology, Warszawa. Placen- 
tal blood and placental Cohn F raction  IV w ere supplied by W arszawska 
W ytw órnia Surowic i Szczepionek.

N euram inidase preparation  of bacterial origin was a generous gift 
from  Prof. Dr. H. F. Schultze and Dr. G. Schwick (M arburg a. L.), 
and m ethoxyneuram inic acid from  Prof. Dr. E. K lenk (Koln).

j9Fe citrate  was purchased from  the Radiochemical Centre, Am er- 
sham, England. DEAE-cellulose (Serva, Heidelberg) and Am berlite 
IRC-50, mesh size about 100 (Rohm & Haas Co., U.S.A.) w ere used.

* P re lim in a ry  d a ta  w e re  p re se n te d  a t th e  C o n feren ce  on E ry th ro p o ie tin  and 
th e  reg u la tio n  of E ry th ro p o ies is , S an  F ran c isco , U.S.A., J a n u a ry  21 - 23, 1962.
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190 Z. KURATOW SKA AND OTHERS [2]

Methods. Erythropoietic activity  was estim ated in th ree  ways after 
subcutaneous injections of the substance tested.

1. Reticulocyte counts. Normal adu lt małe mijce were injected with
0.5 ml. per anim al on three successive days. Six mice w ere used for 
each experim ent. Reticulocytes w ere counted before the first injection 
(0 day) and on the 4th, 6 th  and in some experim ents on the lOth day.

2. D eterm ination of .the erythrom yeloid ratio  in the bone m arrow  of 
mice fem urs. It was determ ined on th e  7th to lOth day after the first 
injection. Glass slide filmis w ere stained w ith G iem sa’s.

3. D eterm ination of 59Fe incorporation acoording to the m ethod 
of F ried  et al. [3]. R ats w ere injected w ith  1 ml. of the solution tested 
on two successive days. On the 3rd day 1 цс of the isotonic solution of 
59Fe citrate, pH 7.0, was injected intravenously. A fter 20 hr. the radio- 
activi'ty of 1 діі. haem olysed blood sam ples was estim ated w ith a scin- 
tillation  counter (EKCO, type N-550 A  w ith a crystal of 0.5 inch in 
diam eter). The aocuracy of counting was 3.5°/o.

In some experim ents th e  fractions w ere tested by all three methods, 
in o ther only the incorporation of 59Fe was determ ined on starved for 
48 hr. as well as on non-starved animals.

The effect of neuram inidase on the erythropoietic active substance 
was tested as follows: 20 mg. of adtive fraction  was dissolved in 5.5 ml. 
of 0.9% NaCl and 2 ml. of 0.1 M-CaCl2 and 1.5 ml. of neuram inidase 
(containing 100 units per ml.) w ere added. A fter ad justm ent of the 
solution w ith 0.01 n-KOH to pH 5.6, the  m ixture  was incubated at 37° 
for 1.5 hr. and then  dialysed for 24 hr. against w ater. One ml. portions 
of the  solution of the digested ,substance were injected into rats.

Sialic acid was determ ined by the m ethod of W erner & Odin [11] 
using m ethoxyneuram inic acid as a standard , hexoses acoording to Wei- 
m er & Moshin [10] and hexosam ines by the Elson-M organ method as 
described by Rondle & M organ [9]. Uronić acid was determ ined accord- 
ing to Dische [2] and total N by the m icro-K jeldahl method.

Eleetrophoresis on the cellulose-acetate strips was carried out in 
barbital buffer, pH 8 .6 , a t 100 v, for 1 hr., staining w ith Amido-Black 
10 B. Chrom atography on ion exchange columns was perform ed as 
described by W hite et al. [1 2 ].

UV spectrophotom etry was carried  ou t w ith a Unicam SP 500 
instrum ent.

RESULTS 

Blood plasma fractions

It was possible to separate ery thropoietic  activity from  polycytha- 
emic plasma by amm onium  sulfate fractionation. The scheme of frac- 
tionation is presented in Table 1, the resu lts  of biological assays of the
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[3] FREPARATION OF ERYTHROPOIETIC FACTOR 191

respective fractions are  shown in Table 2 . I t can be seen tha t by 50% 
saturatibn w ith am m onium  su lfa te  th e  inactive proteins are removed, 
while erythropoietic  ,activity is precipitated by  75% saturation.

Fig. 1 . T he e ffec t of C ohn F ra c t ia n  ІѴ 4 

fro m  h u m an  blood p la sm a  on re tic u lo -  
cytosis in  m ice

iniections

It was found th a t erythropoietiic aativity  is conceritrated in Cohn 
Fraction ІѴ4 obtained from  hum an blood donors’ plasma. The activ ity  
of the whole plasm a and of its fractions is presented in Table 3 and 
in Fig. 1, and the corresponding Chemical data in Table 4.

T a b l e  1

Schem e of am m onium  sulfate fractionation of polycythaem ic or placental
blood plasma

Plasma
1 n -HCl to pH  5.5, heated at 100° for 3 min.

Precipitate Supernatant
discarded 50% sat. (N H ^ zSOą

Precipitate Supernatant
discarded 75% sat. (N H ^iSO *

Supernatant
discarded

Further procedures: 
Exhaustive dialysis 
Lyophilization 
Column chromatography

Active
precipitate

http://rcin.org.pl



192 Z. KURATOW SKA AND OTHERS [4]

T a b ł e  2

Effect  of  polycythaem ic plasma fractions on erythropoiesis 
A yerage  v a lues of 6  an im als , +  S.D.M. a re  g iven. D e ta ils  see M ethods

Materiał injected

Incorporation of 
59Fe into red cells 

of rats 
(% of the dose)

Reticulocytc
(°

0  day

>sis in mice
ôo)

6 th day

Erythroblasts in 
mice bone marrow

(%)

Whole plasma 52.2 ±  6.25 30.0 ±  6.52 65.0 ±  17.2 32.4 ±  5.21

Fraction precipitated 
at 0—50% sat. 
(NH 4 )2 S 0 4 25.0 ±  4.25 36.0 ±  8.16 35.7 ±  10.2 23.3 ± 4 .1 2

Fraction precipitated 
at 50—75% sat. 
(NH 4 )2 S 0 4 64.8 ±  3.31 38.0 ±  11.2 98.4 ±  13.5 41.2 ±  3.51

Supernatant after pre- 
pitation at 75% sat. 
(NH 4 )2 S 0 4 24.3 ±  4.38 37.2 ±  8.31 38.0 ±  12.6 2 2 . 2  ±  6 . 1 2

None (control) 26.6 ±  5.61 36.5 ±  6.51 35.3 ±  6.93 20.9 ±  3.53

T a b l e  3

Effect  of  Cohn fractions of hum an plasma on erythropoiesis

F o r the  f ra c tio n a tio n  th e  pooled  d o n o rs ’ p la sm a  w as used . In c o rp o ra tio n  of ^ F e  
w as e s tim a ted  on ra ts , o th e r  e s tim a tio n s  w e re  m ade on m ice. D eta ils  see M ethods. 
A v erag e  va lu es fro m  6  ex p e rim e n ts , ±  S.D.M . a re  g iven . V alues in  bold ty p e  a re  

s ta tis tic a lly  s ig n ific a n t in  re sp ec t to the  co n tro l (p <  0 .0 1 )

Fraction injected

59Fe incor
poration 
(% of the 

dose)

Reticul
С

0  day

ocytosis
y j

4th day

Erythroblasts 
in bone 
marrow 

(%)

Erythro-
poietic
activity

Whole plasma 
Fraction 1 
Fraction II/III 
Fraction IVi 
Fraction IV4 

Fraction V 
Fraction VI 
None (control)

40.0 ± 2 .1 2
26.4 ±  2.42
26.2 ±  3.43
39.5 ±  4.52 
68.8 ±  3.01
35.2 ±  4.63
20.5 ±  4.51
26.6 ±  5.61

32.0 ±  7.32 
40.8 ±  7.12
37.6 ±  9.11
41.6 ±  7.33
39.4 ±  7.58 
33.2 ±  18.7
40.7 ±  22.0
36.5 ±  6.51

53.1 ±  7.32
45.0 ±  3.40
33.0 ±  13.1
58.0 ±  12.7
86.0 ±  18.4
41.0 ±  21.8 
54.6 ±  21.2 
36.4 ±  7.62

29.0 ±  3.31
19.6 ±  7.82
16.9 ±  3.22
29.6 ±  2.28
42.9 ±  5.77 
32.4 ±  5.43
23.0 ±  3.39
20.9 ±  3.53

±

±
± ± ±

±
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[5] PREPARATION OF ERYTHROPOIETIC FACTOR 193

T a b l e  4

Estim ation of some components in blood plasma Cohn fractions 
P e rc e n t va lues of d ry  wt. are  g iven . D eta ils  see M ethods

Fraction
Total

nitrogen
Sialic
acid

Hexo-
samine Hexoses

Uronić
acids

Erythro
poietic
activity

I 13.5 0.70 1 . 6 1.3 0 . 0 —
II/III 1 1 . 0 0.96 2 . 1 1.9 0.3 —
IV! 8 . 2 1 . 2 2 2.4 2.3 0 . 0 +
ІѴ4 11.5 1.58 3.5 2.4 0 . 0 +  +  +
V 12.5 0.62 0.4 0.3 0 . 0 +

1 VI 1 0 . 2 0.73 2 . 6 0.5 0 . 2 .

A ttem pts to purify ery th ropo ietin  from  Fraction ІѴ4 were under- 
taken. For this purpose the fraction precipitated  by 50 - 75°/o sat. ammo- 
nium  su lfate  was subjected to ion-exchange chrom atography on DEAE- 
-cellulose. The second fraction from  DEAE-cellulose was fu rth e r chro- 
m atographed on A m berlite IRC-50. The chrom atogram s are presented in 
Fig. 2  and 3. The actiyities tested  by 59Fe incorporation into red blood 
cells of starved rats, and the resu lts of sialie acid and hexosamines 
estim ations are given in Table 5.

T a b l e  5

Erythropoietic activity , and sialic acid and hexosam ines content in 
Fraction IV 4 of human plasma and in preparations obtained from  this

fraction
The m a te r ia ł w as in jec ted  in  0.5°/o so lu tio n . T he v a lu es  of 59F e in co rp o ra tio n  a re  

av e rag es  of 6  e x p e rim e n ts , +  S.D.M.

Materiał injected
Sialic acid

(% of

Hexosamines 

iry wt.)

Incorporation of 59Fe into 
red cells of starved rats 

(% of the dose)

Fraction ІѴ4 1.58 3.5 25.8 ±  3.23

Fraction precipitated at 
50—75% sat (NH 4 )2 S 0 4 3.5 7.8 32.7 ±  3.48

Amberlite IRC-50 eluate, 
no. 30—50 5.4 8 . 8 45 ±  4.02

None (control) 9.5 ±  1.08
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194 Z, KURATOW SKA AND OTHERS [6]

Placental blood plasma fractions

Fractionation of placental plasm a was perform ed w ith  ammonium 
sulfate as shown in Table 1. F u rth e r  purification has been oarried out 
by ion-exchange chrom atography on DEAE-cellulose followed by chro-

Fig. 2. D E A E -cellu lose c h ro m a to g ra 
ph y  of fra o tio n  50 - 75% sat. (NH/,)2 S 0 4 

fro m  C ohn fractioin ІѴ4 of h u m an  
blood p lasm a; 1 0  ml. p o rtio n s  of 

e ff lu e n t w e re  collected

Fig. 3. A m b erlite  IR C -50 ch ro m ato 
g rap h y  of fra c tio n s  no. 32 -  38 from  
D E A E -cellu lose ; 1 0  m l. p o rtio n s  of 

e f f lu e n t w e re  collected

m atography on A m berlite IRC-50 as described above for Cohn Frac- 
tion IV/,. The activity  and the sialic acid and hexosam ine content of 
whole placental plasm a and its fractions are given in Table 6 . The

Fig. 4. E lec tro p h o res is  on ce llu lo se -ace ta te  s tr ip s  of (A), p la c e n ta l blood p lasm a; 
(B), 5 0 -7 5 %  sa t. (NH^oSO/, fra c tio n ; (C), e lu a te  from  D EA E -cellu lose; (D), e lu a te

fro m  A m b erlite  IR C-50

respective chrom atogram s w ere sim ilar to those presented in Fig. 2 
and 3. Paper electrophoresis (Fig. 4) of these fractions showed a high 
degree of purification a fte r the last step.

Since Fraotion ІѴ4 of norm al pooled plasm a is enriched in ery th ro- 
poietic activity, also fraction IV of placental plasm a was fractionated.

http://rcin.org.pl



ГО PREPARATION OF ERYTHROPOIETIC FACTOR 195

T a b l e  6

Erythropoietic activ ity , and sialic acid and hexosam m es content in 
fractions obtained frorn placental plasma

•)!JF e  in c o rp o ra tio n  w as  te s te d  on ra ts  s ta rv e d  fo r  48 h r. A verage  va lu es from  
6  e x p e rim e n ts , +  S.D.M. a re  g iven . T he d if fe re n c e s  b e tw een  con tro l v a lu e  of 
5!'Fe in c o rp o ra tio n  and  e x p e rim e n ta l v a lu es  a re  s ta tis tic a lly  s ig n ific an t (p <  0.001).

Fraction injected
Sialic acid j Flexosamines

(%  of dry wt.)
1

i
Incorporation of 59Fe 

into red cells 
(% of the dose)

Whole plasma 0.19 0.25 19.2 ±  1.31

Precipitate at 50—75% 
sat. (N H 4 )2 S 0 4 3.6 7.2 41.7 ±  2.82

Amberlite IRC-50 eluate 
no. 30—50 8.3 1 0 . 2 48.0 ±  3.02

None (control) 9.5 ±  1.08

T a b l e  7

Erythropoietic ac tiv ity  of Fraction IV  from  hum an placental plasma 
and the effect of neuraminidase  

F o r  e x p e rim e n ts  r a ts  s ta rv e d  fo r  48 h r. w e re  used. A verage  v a lues from
6  an im als , + S.D.M. a re  g iven

Materiał injected
Incorporation of 

59Fe 
(% of the dose)

P
(in relation to 
control value)

Cohn Fraction IV 14.5 ±  1.57 < 0 . 0 0 1

Eluate from Amberlite IRC-50 at 
pH 5.7 22.7 ±  2.38 < 0 . 0 0 1

Eluate after treatment with neura
minidase 10.5 ±  1.22 < 0 . 8

None (control) 9.5 ±  1.08

It was founid th a t the erythropoietic  aetivity can also be isolated by 
amm onium  su lfa te  fractionation, colum n chrom atography, or by a com- 
bm ation of both these methods. The activities of placental plasma Cohn 
Fraction IV and of the  finał product are given in Table 7.

The active m ateria ł obtained in th is way became completely inactive 
after 1.5 hr. incubation wiith neuram inidase (Table 7).
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196 Z. KURATOW SKA AND OTHERS

DISCUSSION

The above presented experim ents give clear-cut evidence that it 
is possible to obtain a partia  11 у purified erythropoietic factor from  
hum an blood. I t was shown th a t this factor is p resent in the highest 
am ount in Fraction ІѴ4 obtained by Cohn’s m ethod 6  from  a pool of 
80 lit. of plasma. The plasm a wais prepared from the  blood of 400 - 600 
regular donors. It contained the active factor, While plasm a of single 
donors who gave blood for the f irs t time w as inactive, as was shown 
in the previous paper [5].

It is known from  o ther works th a t placental blood possesses increased 
erythropoietic iactm ty . O ur experim ents confirm  the possibility of puri- 
fication of this factor.

The data in litera tu rę  concerning th e  increase of erythropoietic acti- 
vity in polycythaem ic blood are  controversial. In  the previous w ork [5] 
it was shown th a t the blood of patients w ith polycythaem ia vera con
tained m arkedly m ore erythropoietic activity than  the blood of norm al 
subjects. Therefore, plasm a of such patients was used and we w ere able 
to separate the erythropoietic activity.

The m ethods of purification of the active fraction consisting in 
ammonium sulfate fractionation and ion-exchange chrom atography were 
found to be suitable independent of the  starting  m ateriał. The highest 
degree of purification was obtained by chrom atography on A m berlite 
IRC-50 preceded by amm onium  sulfate precipitation and DEAE-cellu- 
lose adsorption. In  cellulose-acetate electrophoresis this fraction showed 
a single band.

The sugar components, hexosam ines, hexoses and sialic acid, were 
present in all active fractions. The activity could be abolished by the 
action of neuram inidase.

The preparation of purified erythropoietic factor from  hum an blood 
opens possibilities for therapeutic  use of this substance, which probably 
will be devoid of antigenicity in hum ans. Fraction ІѴ4 is a by-product 
in Cohn’s fractionation and the placental blood is a m ateriał easily 
available although usually not utilized. Both sources m ay be used as 
starting  m ateriał for the  preparation of the active erythropoietic factor.

SUMMARY

1 . E rythropoietin  preparation  was obtained from  the plasm a of р°1у- 
cythaemic patients, Cohn Fraction ІѴ4 of norm al subjects and placental 
plasm a or p lacental plasm a Cohn Fraction IV.

[8 ]
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[9] PREPARATION OF ERYTHROPOIETIC FACTOR

2 . M ethods of isolation and purification consisted in (NH/^SCb, 
fractionation followed by chrom atography on DEAE-cellulose and 
Am berlite IRC-50.

3. The active fraction was electrophoretically homogeneous (on cel- 
lulose-acetate strips), contained neuram inic acid and hexosamines. 
Neuram inidase abolished the activity of the preparation.
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OSOCZE L U D Z K IE  JA K O  ŹRÓDŁO O TR ZY M Y W A N IA  C ZY N N IK A  
E R Y TR O PO ETY C ZN EG O

S t r e s z c z e n i e

1 . O trzym ano p repara t o aktyw ności erytropoetycznej z osocza cho
rych na czerwienicę, z frakcji ІѴ4 Cohna osocza ludzi zdrowych, z krw i 
łożyskowej, oraz z frakcji IV osocza łożyskowego.

2 . Oczyszczanie erytropoetyny polegało na frakcjonow anym  s trą 
caniu (NH4 )2 S 0 4 oraz chrom atografii na kolum nach z DEAE-celulozą 
i A m berlitem  IRC-50.

3. A ktyw ny p rep ara t końcowy był jednorodny w elektroforezie na 
paskach acetylo-celulozy i zawierał kwas neuram inow y i heksozaminy. 
Neuram inidaza całkowicie inaktyw ow ała preparat.

R eceived  10 J a n u a ry  1962
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A C T A  B I O C H I M I C A  P O L O N I C A  

Vol. IX  1962 No. 3

W. GAŁASINSKI, NINA W OŁOSOW ICZ and W. TYSAROWSKI

PURIFICATION AND PROPERTIES OF CATALASE FROM 
M YCOBACTERIUM  SM EGM ATIS

D ep a rtm en t o f P hysio log ica l C h em is try , M edical School, B ia ły s to k

The study of catalases from  m ycobacteria m ay help to establish the 
biological and biochemioal differences betw een the saprophytic and 
v iru len t strains. Therefore the isolation of pure enzyme from both 
kinds of m ycobacteria and the comparison of their properties would 
be of great value. The m ycobacteria catalase is very in teresting  because 
of the correlation bdtween the enzym ie activity <and bacterial virulence. 
K reis & Joubioux [5] reported  such a correlation, although the patho- 
genicity of the bacteria was not proportional to the catalase content. 
The sim ultaneous inerease of resistanoe to isonicotinhydrazide and 
decrease of catalase activity may be connected with these oorrelations.

Till now, however, no crystalline m ycobacteria catalase has been 
obtained, m ainly because of much sm aller ąuan tities of th is enzyme 
in m ycobacteria than in the Ііѵег [7], Micrococcus lysodeicticus [3], or 
Rhodopseudomonas spheroides [1 ], from  which the pure enzyme had 
been already obtained.

This report deals with the purification and some properties of cata
lase from saprophytic M ycobacterium smegmatis.

EXPERIMENTAL AND RESULTS

Special reagents. Ethylcellulose for column chrom atography was 
prepared from cotton-wool defatted  w ith a m ixture  of chloroform  and 
ether (1 :1 , v/v), then heated for 20 hr. w ith 1 N-HC1 in anhydrous 
ethanol. 6 . 6  т м  - К - Na-phosphate buffer, pH 6 .8 , according to  Mi- 
chaelis was used. Isonicotinhydrazide (INH) was USP XV grade, sodium 
azide chemically pure, and. streptom ycin was POLFA (Tarchomin) 
product.

Growth of the organisms. M ycobacterium smegmatis was grown on 
solid medium of K irchner [2] for 6  days a t 37°, then  the  form ed pellicle 
was transferred  to the Sauton liąu id  m edium  [1 0 ] and incubated again
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for 6  days a t 37°. The organism s w ere harvested  by filtering, and stored 
at - 1 0 °.

Determ ination of protein. The turb id im etrie  m ethod of Clayton [1] 
was used. To 2 ml. suitably diluted sample, containing 0.2 to 3.2 mg. 
of protein, 8  ml. of the precipitating solution was added. (The solution 
was obtained by adding 2  ml. of sat. (NH/,)2 SO /1 to 100 ml. of 1.25% 
trichloroacetic acid). The sam ple was m ixed and a fte r 2 0  min. the 
extinction at 610 mp, in 2 cm. cuvette was m easured using Pulfrich 
photom eter.

Determ ination of catalase activity. This was done by the  m ethod 
of Jolles as m odified by Sum m er & Dounce [7]. As substra te  1 0  т м -hy
drogen peroxide in 6 . 6  т м -phosphate buffer, pH 6 .8 , was used. The 
readtion was stopped by adding 2 n -H 2 S 0 4  and the rem aining hydrogen 
peroxide estim ated iodom etrically. The activ ity  was expressed as the 
velocity constant extrapolated  to the  zero time (KQ) or average velocity 
constant (Ks) calculated from  th ree  velocity constants determ ined at 
3,6 and 9 min.

To check the presence of catalase in the  course of colum n chrom ato- 
graphy, a  sim plified procedurę was used. To 2 ml. of hydrogen peroxide 
,solution one drop of the  effluen t from  the column was added. A fter 
10 min. 2 ml. of 2 n-H^SO/,, 0.25 ml. of 5%  potassium  iodide, 0.2 ml. 
sat. solution of molybdic acid, and starch solution were added. No 
colour reaction appeared w hen catalase was present.

Purification of catalase

The procedurę was based on the m ethod described for animal [7] 
and bacterial [3, 1 ] catalase. The modifioations applied were: precipi- 
tation of the  enzyme w ith m anganeous chloride, lyophilization, and 
column chrom atography on ethylcellulose. Besides, it was observed tha t 
after storing the crude bacterial ex trac t for about two m onths, the 
catalase aetivity  increased several times; therefore the purification was 
carried out on eO^day-old extracts.

The frozen m ycobacteria cells, 25 g., were thawed, then ground with 
an eąual volume of glass pow der (particles passing a 0.15 mm. mesh 
sieve). The cells w ere ground for 10 min., 80 ml. of 6 . 6  m м -citrate-phos- 
phate  buffer, pH 6 .8 , being added stepwise. A fter centrifuging, the sedi- 
m ent was washed twice w ith buffer. The pooled supernatan ts (170 ml.) 
were stored a t 0 - 4 °  for 60 days. The ex tract was then trea ted  a t room 
tem peratu rę  w ith 81.6 ml of ethanol - chloroform  m ixture ( 1  : 1 , v/v), 
shaken for 1 min. and centrifuged a t 17 000 g for 10 min. To the aqueous 
solution 1/100 of the volum e of 1 м-МпС12 was added and after 2 - 3  min. 
the form ed precipitate  was spun dow n a t 12 000 g. From  the sedim ent 
the enzyme was ex tracted  by several portions of 0.5 м-phosphate buf-
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T a b l e  1

Purification of catalase from  M ycobacterium  smegmatis

Stage
Volume
(ml.)

Activity 
(K.j xl03)

Protein
(ml.)

Purity
(Ke ХІ03/ 
mg./prot- 

ein)

Purifica
tion

Yield
(%)

Fresh crude extract 170 11 900 1250 9 30
Extract stored for 60 days 170 39 440 1258 31 1 1 0 0

Treated with Et OH-CHCl3

mixture 170 17 0 0 0 27.2 625 2 0 42
Extract from MnCb

precipitate 35 15 400 14.0 1 1 0 0 35 39
Dialysis 56 1 2  880 — — — 33
Lyophilization 1 0 1 2  0 0 0 14.0 587 28 30
Eluate from ethylcellulose 1 1 10 560 4.4 2400 77 27

T a b l e  2

The effect of tem peraturę cm the aptivity of purified catalase prreparation
from  M. smegmatis

T he te m p e ra tu rę  w as  m e a su re d  inside  th e  in cu b a tio n  vessels. K o w as ca lcu la ted  
by  ex tra p o la tio n , u s in g  th e  d ia g ra m  of fu n c tio n s  a t tim e in te rv a ls . T he m ean 

v a lu es  of 5 s e p a ra te  e stim atio n s, ±  S.D. a re  g iven

Temp.

0X0
*

log K0  x 1 0 3

0 0 1 2 0  ±5.1 2.0792
1 0 0 165 ±9.2 2.2175
2 0 0 194 ±7.3 2.2878
“30° 321 ±9.7 2.3636
400 210 ±3.5 2.3222
500 195 ±2.0 2.2900
600 105 ±5.1 2 . 0 2 1 2

T a b l e  3

The effect of isonicotinhydrazide , NaN% and streptom ycin  on the activity
of M. smegmatis catalase

Inhibitor Finał concentration
(M )

Inhibition
(%)

Isonicotin-hydrazide 1 x 10-3 
1 x 1 0 - 2  

1 .6 x 1 0 - 1

0

8

19

N aN 3 1 x  lO-o 30
2  x lO-o 52
1 x 10-5 76

Streptomycin 1 x 10-3 4.8
3 x10-2 24http://rcin.org.pl
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fer, pH 7.4. The ex tracts  were combined and dialysed at 4° for 8  hr. 
against w ater. A fter dialysis the preparation  was ooncentrated to 1 0  ml. 
by lyophilization, and passed through a column (8 X 1 0  mm.) filled w ith 
ethylcellulose m oistened w ith 6 . 6  т м -phosphate buffer, pH 6 .8 . The 
colum n was eluted w ith the sam e buffer and 1 ml. fractions were 
collected w ith a fraction collector. The flow ra te  was 1 ml./3 min. Ele- 
ven 1 ml. fractions which contained catalase were pooled and used for 
fu rth e r experim ents. The procedurę of purification is shown in Table 1.

Properties of the purified enzym e

The optim um  pH of the catalase preparation  was found to be 7 
(Fig. 1 ), the optim um  tem peratu rę  about 30° (Table 2 ), and the activa- 
tion energy 3600 cal ./mole (Fig. 2). The enzym ie activity  was inhibited

Fig. l  “Fig. 2

Fig. 1 . T he e ffe c t of pH  on th e  a c tiv ity  of ca ta la se  fro m  M. sm eg m a tis . As su b -  
s t r a te  10 т м -h y d ro g en  p e ro x id e  d isso lved  in 6 . 6  т м -^phosphate b u ffe r , pH  6 .8 , 
w as used. A p p ro p ria te  pH  w as o b ta in ed  by  ad d in g  phosiphoric acid  o r sod ium  
hydroxiide, and  it  w as checked  w ith  in d ica to rs . T he m ean  and  lim it v a lu es  of 

5 se p a ra te  e s tim a tio n s  a re  g iven
Fig. 2. T he e ffec t of te m p e ra tu rę  on ca ta lase  ac tiv ity

in 30°/o by 10"(i м-sodium  azide. INH and streptom ycin at sim ilar con- 
centrations w ere w ithout effect. S light inhibiting effect of INH was 
observed at the concentration 1.6 X 10‘*m, and of streptom ycin at 
3 X lO’ 3 m (Table 3).

DISCUSSION

The adopted m ethod of catalase preparation from disin tegrated  
M. smegmatis  cells allowed to obtain  80-fold purification of the enzyme.
The modification applied to the commonly used methods for catalase

202
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p repara tion  consisted in  precipitation w ith  manganeous chloride, the  
enzym e being precip ita ted  together w ith  nuOleic acid, and  then  extracted  
w ith  concentrated  bu ffe r solution. It was observed th a t during storage 
of the  crude cell-free e k tra c t at about 0 ° the enzymie actiyity inereased 
3 tim es. The Euler phenom enon which then  aippeared was sim ilar to th e  
influence of butanol and o ther solvents on catalase, as reported  by 
K apłan  & W oon-K i-Paik [4]. The m echanism  of this activation has not 
been studied. It m ay be  due to the splitting during storage at Iow tem 
pera tu ro  of the lip id-pro tein  eomplexes, oonoomitant w ith the release of 
enzym ie activity.

The studied p roperties of the purified  enzym e can be com pared 
w ith  those of the  crude ex trac t [6 , 8 ]. The activa!tion energy was found 
to be sim ilar: 3600 ± 200 cal./mole for the purified, and 4300 ± 500 cal. 
for th e  crude p reparation . There w ere some differences in the influence 
of sodium  azide. A t the concentration of 1 0 ‘6 m, the enzymie actiyity  
was inh ib ited  in about 80°/o in the crude, and only in about 30% in  the 
pu rified  preparation. This difference m ay perhaps be explained by the 
d iffe ren t effect of the inhibitor on catalase before and a fte r  the  E u ler’s 
phenom enon.

The inhibiting effect of INH and streptom ycin was observed only a t 
very  high concentrations (about Ю' 1 m).

The optim um  pH for th e  purified catalase w as about 7. I t  was 
sim ilar to the  optim um  pH fo r the catalase from  Mycobacteria tuber-  
culosis H 37 Rv. [9].

The| authors express th e ir  g ratitude to Dr. St. Kw iek from  the 
Tuberculosis Institu te, W arszawa, for m ycobacteria and for advice on 
cu ltu re  grow th, and to Mgr. Helena Tomasźko from  the D istrict San.- 
-Epid. S tation in B iałystok for the facilities for culture growth.

SUMMARY

A m ethod of 80-fold purification of catalase from  M. smegmatis is 
described. The optim um  pH of the purified  enzym e is 7 , optim um  
tem pera tu rę  30° and the  activation energy  3600 cal./mole. The 1 0 ' G 
M-NaN3  causes a 30°/o inhibition of the  enzym ie actiyity. S im ilar con
centrations of isonicotinhydnazide and streptom ycin  have no inhibiting  
effect.
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O CZY SZC ZEN IE I W Ł A ŚC IW O ŚC I K A T A L A ZY  Z M Y C O B A C T E R IU M
S M E G M A T IS

S t r e s z c z e n i e

Opisano m etodę 80-krotnego oczyszczania katalazy prątkow ej. Opti
m um  działania otrzym anego p repara tu  było przy pH 7 i tem peraturze 
30°; energia aktyw acji wynosiła 3600 cal. NaN 3 1 0 ' 6 m hamował w  30% 
aktyw ność enzym u; izonikotynohydrazyd i streptom ycyna w podobnych 
stężeniach nie m iały wpływu.

R eceiyed  11 J a n u a ry  1962

[6]
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Z. SZAFRAN, HALINA SZAFRAN and J. OLEKSY

STUDIES ON HYDROLASES OF DIGESTIVE JUICES 

VII. PROTEOLYTIC ACTIVITY OF CANINE INTESTINAL JUICE*

D ep a rtm en t o f P hysio logical C h em is try  and D ep a rtm en t o f P hysio logy , M edica l
School, K ra kó w

It has long been thought tha t the  finał breakdow n of ingested protein 
takes place in the lum en of the sm ali intestine, free amino acids being 
absorbed into the blood stream . This view, however, was recently  
ąuestioned as it has not been definitely establilshed w hether the hydro- 
lysis of tri-  and dipeptides is accomplished by the enzym es present in 
the succus entericus or w ithin the cells of intestinal muoosa.

Some data indicate tha t the enzymes are present in the epithelium  
shed by the in testinal mucosa, and diffuse therefrom  into the solution 
[34, 7, 2 1 ]. N evertheless the enzym ie composition of the intestinal juice 
has not been thoroughly studied. Experim ents of Shlygin [2 1 ] and K u- 
ѵауеѵа [14] on the duodenal juice of dog and m an were concerned w ith 
a lim ited num ber of enzymes, enterokinase being the only proteinase 
studied. Phaneuf [18] dem onstrated  th e  absence of proteinases in sheep 
in testinal juice, but A lexander & C how dhury [2 ] observed the enzymie 
hydrolysis of peptone and casein by horse ileal juice.

On the o ther hand the experim ents of Newey & Sm yth [15, 16], 
Wiggans & Johnston [33], and Robinson & Shaw  [19] indicate tha t 
dipeptides m ay pass across the  wali of the  mucosa and undergo hydro
lysis in tracellu larly .

As th is problem  has not been defin itely  elucidated it is not yet 
possible to evaluate the ex ten t to which the  digestion of peptides takes 
place in the lum en of the intestine. In  th is paper some experim ents 
are p resen ted  concerning the enzym ie activ ity  of canine in testinal 
juice obtained from  the  Thiry-Ѵеііа fistu la tow ards some peptides, 
amino acid derivatives and proteins.

* Previouis papers of th is series: [11, 12, 30, 31, 29, 17].
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MATERIALS AND METHODS

Collection of the intestinal juice. Dogs w ith  the  T h iry -Ѵеііа fistula 
m adę in the  upper p a rt of the  sm ali intestine, about 40 cm. from  pylo- 
rus, and in one caSe in the distal p a rt of the smali intestine, about 
300 cm. from  pylorus, w ere used. The to tal length of the  smali intestine 
was about 330 cm. The juice secreted in response to m echanical irrita - 
tion was collected, centrifuged for 15 min. a t 2500 r.p.m . and used for 
enzymie assays w ithout fu rth e r treatm ent, or after 14 hr. dialysis in 
cellophane bags against 1 m-м -ethylenediam inetetra-acetate  (EDTA) 
solution o r trid istilled  w ater. Ali procedures w ere perform ed a t 0 to 4°.

Substrates and reagents. L-leucyl-glycine, D-leucyl-glycine, glycyl-L- 
-tyrosine, D-leucyl-L-tyrosine and chloroacetyl-L-tyrosine (Hoffman La 
Roche); glycyl-L-leucine, DL-alanyl-glycine, diglycyl-glycine and p ro ta
m inę su lphate  ex salm on roe (salmine sulphate) (L. Light); glycyl-DL-ala
ninę (Reanal, H ungary), L-carnosine (Schuchardt) and haem oglobin (Dif- 
co) were used. O ther substra tes were prepared acoording to the following 
methods: glycyl-glycine [5], L-leucinamide [10], L-lysine e thy l ester [32], 
and L-tyrosine e thy l este r [1]. Tris (2-am ino-2-hydroxym ethylpropane- 
-1,3-diol) was obtained from  L. Light. O ther reagents used for the  pre
paration of buffer solution as w ell as chlorides of activating cations 
w ere of analytical pu rity  (CoCL, M erck; МпСІ2  and MgCb, F abryka Od
czynników Chemicznych, Gliwice; ZnCb, Kahlbaum).

Determ ination of enzym ie activity. The hydrolysis of dipeptides and 
diglycyl-glycine was m easured as follows: 0 . 6  ml. of suitably d ilu ted  
intestinal juice was ineubated w ith 0 . 2  ml. of the solution of the 
activating cation (finał concentration 0.005 m) or 0.2 ml. of w ater for 
25 min. at 37°, and then  0.6 ml. of 0.2 м -tris-H C l buffer, pH 8.0, and
0.6 ml. of 0.03 M -substrate solution w ere added. Im m ediately a fte r the 
addition of the substra te  and after a determ ined period of ineubation
0.5 ml. samples w ere  taken  and the enzymie reaction stopped by the 
addition of alikali and cobaltous phosphate suspension and subseąuent 
imm ersion in boiling w ater ba th  according to  the  procedurę of Crook 
& Rabin [4]. The rate  of substra te  decomposition was estim ated  by 
m easuring the decrease of extinction of peptide cobalt complexes at 
560 miu The enzym ie hydrolysis of L-leucinamide was estim ated  accord
ing to the  procedurę of H ill et al. [10] for th e  determ ination of leucine 
am inopeptidase activity.

The m ethod of H estrin  [8 ] was used for the  m easurem ent of L-lysine 
e thy l este r and L-tyrosine e thy l este r hydrolysis. The Rosen n inhydrin  
m ethod [20] for chloroacetyl-L-tyrosine, and the Anson m ethod [3] for 
haemoglobin hydrolysis w ere used.
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http://rcin.org.pl



[3] PROTEASES OF INTESTINAL JUICE 207

F or the determ ination  of protam inę sulphate hydrolysis 0.4 ml. of 
in testinal juice was incubated w ith 0.3 ml. of 0.2 м-phosphate buffer, 
pH 8.0, and 0.3 ml. of 2%  (w/v) suibstrate 'solution. A fter a determ ined 
period of time, protein  and undigested protam inę w ere precipitated by 
the addition of 1 ml. of sa tu ra ted  picric acid solution, the form ed pre- 
c ipitate centrifuged, and hydrolysis products present in the supernatan t 
analysed by paper chrom atography. For this purpose 10 м-l. sampLes were 
applied on discs of W hatm an no. 1 paper, 18 cm. in diam eter, and 
developed with butan-l-o l - acetic acid - w ater (2 0 0 :3 0 :7 5 , by vol.) as 
a solvent m ixture. A fter separation w as completed the dried chrom ato- 
gram s w ere cut into appropriate  sectors, amino acids and peptides 
detected w ith n inhydrin  and isatin, and arginine detected w ith 8 -oxy- 
ąuinoline reagent according to Jepson & Sm ith [13]. For sem iąuantita- 
tive evaluation the n inhydrin-stained  spots corresponding to arginine 
w ere cu t ou t and elu ted  w ith  4 ml. of acetone - ethanol - w ater ( 1 :1 : 1 ,  
by vol.) m ixture. The extinction of the  e luates was read in a Coleman 
Jun ior spectrophotom eter a t 575 mp.

Enterokinase activity  was determ ined  by following the ratę  of 
trypsinogen activa'tion mOasured by corresponding changes in the ra te  
of lysine e thy l e s te r hydrolysis, lyophilized dog pancreatic juice being 
used as the source of trypsinogen.

Protein determ ination. In  all sam ples of in testinal juice protein  was 
estim ated w ith the Folin & Ciocalteu phenol reagent [6 ] according to 
the procedurę already described [12]. P ro tein  nitrogen was calculated 
w ith the assum ption th a t the average nitrogen content in  proteins 
am ounts to 16°/o.

RESULTS

In testin a l ju ice  ob ta in ed  from  th e  T h iry-Ѵ еііа  fistu la  exh ib ited  
a m arked en zym ie  activ ity  tow ard  7 o u t o f 15 su b strates tested  (Table 1). 
U nder the conditions used  no h y d ro ly sis  o f  D -leu cy l-g ly c in e , glycyl-L - 
-tyrosin e , D -leucyl-L -tyrosine, L-carnosine, and  ch loroacety l-L -tyrosin e  
w as found.

D ia ly sis  o f in testin a l ju ice against EDTA solu tion  caused  a decrease  
o f  d ip ep tid es and L-leucinam ide h yd ro ly sis . T he m ost m arked decrease  
w as ob served  in  th e case o f  L -leu cy l-g lyc in e , w h ereas L -leucinam ide  
h yd ro lysis  w as com p aratively  less  a ffected  (Table 2). T he preineubation  
o f the d ia lysed  ju ice  w ith  d iva len t cations restored  the activ ity  partia lly  
or com p lete ly , and in  som e cases a m arked inerease of activ ity  above  
th e orig inal le v e l w as observed . Co2+ ions activated  sp ec ifica lly  th e  
h y d ro ly sis  o f g ly c y l-g ly c in e , w h erea s M n2+ ions th e  h y d ro ly s is  o f  
L -leu cy l-g ly c in e  and L -leucinam ide. T he sp littin g  o f  the la tter  sub- 
strate w as also  sp ec ifica lly  activa ted  b y  M g2+ ions. Zn2+ ions restored
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T a b l e  1

The enzym ie hydrolysis of some peptides, amino acid derivatives and 
proteins by canine intestinal juice

The p ro teo ly tic  co e ffic ien t Cj is d e riv ed  fro m  th e  f ir s t  o rd e r  ve loc ity  co n stan t 
-  1 1 0 0j log jq q  j j  , w h e re  t — tim e  of in eu b a tio n , and  H =  p e r  cen t of s u b s tra te

decom position) acco rd in g  to  th e  e ą u a tio n : C, -  m g of p r * ‘e in  N /m ,

2 08  z  SZAFRAN, H. SZAFRAN AND J. OLEKSY [4 ]

Substrate No. of 
experiments

Activity, ± S .D .

Glycyl-glycine 6 Cj =  3.03 ±  0.88 X 10 -2
L-Leucyl-glycine 6 Ci =  2.80 ±  0.64 X 10-2
D-Leucyl-glycine 4 no hydrolysis
Glycyl-L-leucine 5 Ci =  2.83 ±  1.12 X 10-2
DL-Alanyl-glycine 5 Ci =  9.26 ±  3.70 X 10-2
Glycyl-DL-alanine 5 Cj =  8.50 ±  1.00 X 10-2
Glycyl-L-tyrosine 4 no hydrolysis
D-Leucyl-L-tyrosine 4 no hydrolysis
L-Carnosine 3 no hydrolysis
L-Leucinamide 6 Ci =  1.81 ±  0.31 X 10-2
Chloroacetyl-L-tyrosine 4 no hydrolysis
Protaminę sulphate 5 0.72 ±  0.06 mg. arginine/ml./hr.
L-Lysine ethyl ester 5 0.05 ±  0.04 X 10—4j Anson
L-Tyrosine ethyl ester 5 0.03 ±  0.02 X 10~ 4  i units/
Haemoglobin 5 0.03 ±  0.02 X 10—4'm g protein

T a b l e  2

Effect  of dialysis and divalent cations on hydrolysis o f dipeptides by
canine intestinal juice

In te s tin a l ju ice  w as d ia ly sed  fo r  14 h r. ag a in s t 0.001 м -E D TA  so lu tion  an d  th en  
fo r  7 h r. a g a in s t tr id is t i l le d  w a te r . D ia ly sed  ju ice  w a s  p re in e u b a te d  w ith  so lu tio n  
of ch lo rides of re sp ec tiv e  ca tions fo r  25 m in . a t  37°. T he f in a ł co n cen tra tio n  of 
cations w as 0.005 м. C o m p ara tiv e  p e rc e n ta g e  v a lu es  of enzym ie  a c tiv ity  a re  g iven

(u n tre a te d  ju ice  =  1 0 0 )

No. of 
experiments

Untreated
juice

Dialysed juice
Substrate

Alone
Preineubated with

Mg2+ Mn2 + Co2 + Zn2+

Glycyl-glycine 6 1 0 0 24 _ 76 195 62
L-Leucyl-glycine 6 1 0 0 6 — 237 37 54
L-Leucinamide 6 1 0 0 * 65 130 250 59 24
DL-Alanyl-glycine 5 1 0 0 28 — 84 1 1 1 6 8

Glycyl-DL-alanine 5 1 0 0 19 — 59 104 33
Glycyl-L-leucine 5 1 0 0 23 — 85 1 0 1 8 8

* T he a c tiv ity  ob ta in ed  w ith  u n d ia ly sed  ju ice  p re in eu b ated  w ith  M n 2+ io n s w as 471.
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o n ly  p a r tia lly  the a c tiv itie s  d im in ish ed  by dialysds, d isp lay in g  no sp e-  
cific  activation , and e v e n  inh ib iting  th e  h y d ro ly sis  o f L-leucinam ide. 
T he h y d ro ly s is  o f  D L -alanyl-g lycine, glycyl-D L -alanine, and glycyl-L - 
-leu c in e  w a s  restored  p a rtia lly  by M g2+ and Zn2+ ions, and com p lete ly  
by C o2+ ions, but none o f  the cations increased the a c tiy ity  above the  
original lev e l.

The effect of dialysis and divalen t cations on diglycyl-glycine hydro
lysis w as also obseryed. The enzymie break  down of this substance 
showed a tw o-stage course of reaction (Fig. 1). In the first stage the 
sp litting  of one peptide bond produced glycine and glycyl-glycine; the 
dipeptide cobalt со тр іех , form ed w hen Crook & Rabin [4] m ethod was 
used, gave higher extinction  values than  the sim ilar е о тр іе х  of tripep- 
tide. In  the second stage glycyl-glycine was hydrolysed to free glycine

Fig. 1 . E n zy m ie  h y d ro ly sis  of d ig lycy l- 
-g ly c in e  by can in e  in te s tin a l ju ice . T he 
e x tm c tio n  of co loured  coba lt com plexes 
fo rm ed  w ith  p ep tid e  m ix tu re  w as  m eas - 
u re d  a t  560 т ц  (C rook & R ab in  m ethod  
[4]). ( • ) ,  U n tre a te d  ju ice ; (o ) , ju ice  d ia -  
lysed  fo r  18 h r. ag a in s t tr id is ti lle d  w a te r ; 
)X), ju ic e  p re in o u b a te d  w ith  Co2+; (д ), 
ju ice  p re in e u b a te d  w ith  M n2+ fo r  20 m in. 
a t 37°. T he f in a ł ca tio n  c o n c e n tra tio n  

w as  2X 10_3M

Fig. 2. C h ro m ato g ram  of th e  d iges- 
tio n  p ro d u c ts  of p ro tam in ę  su lp h a te  
t r e a te d  w ith  can ine  in te s tin a l 
ju ice . S ta in ed  w ith : (A), n in h y d r in ; 
(B), 8 -o x y q u in o lin e  (Jepson  & 
S m ith  m eth o d  fo r  a rg in in e  d e tec - 
tio n  [13]); and  (C), isa tin . Id e n ti
f ic a tio n  of th e  spots: (1 ), a rg in in e -  
-co n ta in in g  p e p tid e ; (2 ), f re e  a rg i
n in e ; (3), se r in e  an d /o r g lycine; 
(6 ), p ro lin e ; (4), (5), (7), n o n id en ti-  

fied

and the fali of ex tinction  was obseryed. Dialysis diminished slightly 
the actiy ity  responsible for the  second stage of reaction. The curve 
of the  reaction progress is in th is case displaced to the righ t indicating 
the slow er hydrolysis of dipeptide form ed in the initial stage. Mn2+ 
ions seem ed to inhibit both stages of the reaction, w hereas Co2+ ions 
actiyated  the second stage causing much ąu icker disappearanoe of 
dipeptide.
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T a b l e  3

A m ount of free arginine and arginine-containing peptide in  digestion 
products of protam inę sulphate treated w ith  canine intestinal juice

T he va lues g iven  fo r  a rg in in e -c o n ta in in g  p ep tid e  w e re  ob ta ined  w ith  s ta n d a rd  
so lu tion  o f a rg in in e ; th e y  a re  on ly  a p p ro x im a te  b ecau se  of th e  u n k n o w n  ch a ra c te r  
of th e  pep tide . T he p re in c u b a tio n  w ith  ED TA  so lu tion  w as  p e rfo rm ed  fo r  
60 m in. a t 37°, f in a ł co n cen tra tio n  being  0.004 м. T he re su lts  of in d iv id u a l e s tim a - 
tions a re  g iven . S am p les  no. 9 - 1 1  of in te s tin a l ju ice  fro m  dog no. I w ere  u sed

Intestinal juice 
sample no.

Time of 
incubation 

(min)

Arginine 
in the peptide 

(mg./ml.)

Free
arginine

(mg./ml.)

1/9 0 _ 0 . 0

1/9 60 — 0.5
1 / 1 0 0 — 0 . 0

1 / 1 0 60 — 0 . 8

1 / 1 0 240 — 3.3
1 / 1 1 0 0 . 0 0 . 0

1 / 1 1 240 1 . 0 1.7
1 / 1 1 ,

preincubated with EDTA 240 0.9 0.9

T a b l e  4

Enterokinase actiuity i/n canine intestinal juice obtained from  the upper 
and distal parts of the smali intestine

E n te ro k in a se  ac tiv ity  is e x p re sse d  as ac tiv ity  of try p s in  fo rm ed  d u rin g  th e  in c u b a -  
tio n  o f lyoph ilized  p a n c re a t ic  ju ice  w ith  in te s tin a l ju ice . T he ac tiv ity  of try p s in  
w as m easu red  w ith  lys 'ine e th y l e ^ te r  as su ibstra te  an d  th e  va lu es a re  g iven  in 
A nson  u n its . T he in te s tin a l ju ice  w as  ob ta in ed  fro m  th e  T h iry -Ѵ еііа f is tu la  m ade 
ab o u t 40 cm. fro m  th e  p y lo ru s , u p p e r  p a rt , and  ab o u t 300 cm. fro m  th e  p y lo ru s, 
d is ta l p a r t  of th e  sm ali in te s tin e . T he re su lts  of in d iv id u a l estim a tio n s  a re  given. 
S am ples no. 9 -1 1  o f in te s tin a l ju ice  fro m  dog no. I, an d  no. 19 -  2 0  from  dog

no. I I  w ere  used

Segment 
of the 

intestine

Intestinal 
juice, 

sample no.

Dilution of 
the intestinal 

juice

Activity 
(units per mg. of 

protein X 104)

Upper 1/9 1 : 2 39.8
1/9 1 :4 1 1 . 2

1 / 1 0 1 : 1 2 19.0
1 / 1 0 1 : 15 2.7
І/П 1 : 3 22.9
1 / 1 1 1 : 6 0 . 6

Distal 11/19 undiluted 0 . 0

1 1 / 2 0 undiluted 0 . 0
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Considerable degradation of protam inę su lphate  incubated w ith 
in testinal juice was observed. Chroma tographic analysis of the digestion 
products indicated the presence of free arginine as well as o ther amino 
acids. On the chrom atogram s stained w ith ninhydrin  at least 7 d ifferent 
spots could be detected (Fig. 2). Using standard  Solutions of amino acids 
and  d iffe ren t staining methods, several amino acids w ere identified,
i.e. arginine, proline, glycine and/or serine. The two la tte r  amino acids 
could not be distinguished one from  another sińce they had the same 
m obility  under the  conditions applied. Besides free arginine a peptide 
containing arginine, b u t giving a sm aller R f value than  arginine, was 
also found on the chrom atogram s. This peptide disappeared ąuickly 
from  the digestion m ix ture  if intestinal juice had been preincubated 
w ith  Mn2+ ions. Hydrolysis of protam inę by the intestinal juice was 
irihibited by EDTA which sim ultaneously changed the ratio  of free 
arginine to the  peptide in  favour of the  peptide (Table 3). The hydro
lysis of haemoglobin, L-lysine e thyl ester and L-tyrosine e thyl ester by 
th e  in testinal juice was negligible. The splitting of chloroacetyl-L-tyro
sine d id  not exceed th e  lim its of experim ental error.

The in testinal juice obtained from  the upper p a rt of the smali 
in testine showed well pronounced enterokinase activity. This activity 
could not be detected in the juice from  the distal part of the intestine 
(Table 4).

DISCUSSION

The hydrolysis of yarious substra tes as well as the changes of activity 
caused by  dialysis o r trea tm en t w ith  d ivalent cations indicated the 
presence in canine intestinal juice of severa! proteolytic enzymes. Since 
a m ix ture  of proteins was used the possibilities to characterize and 
identify  individual enzym es w ere limited. The attem pt to identify  
several peptidases was based on the  observed facts and know n proper- 
ties of the purified  enzymes, its results, however, should be treated  
w ith  circumspection.

The experim ental data  dem onstrated  the presence of some enzymes 
of the exopeptidase group. One of them  was prdbably leucine amino- 
peptidase. This enzym e could be responsible for the hydrolysis of 
leucinam ide and leucyl-glycine, w hich proceeded very  ąuickly especially 
in the presence of Mg2+ and Mn2+ ions. These two cations are known 
to be essential fo r the activ ity  of purified  leucine am inopeptidase from 
intestinal mucosa [22] and kidney [27].

The hydrolysis of glycyl-glycine and th e  second stage of diglycyl- 
-glycine breakdow n could be due to the presence of glycyl-glycine di- 
peptidase. The presence of Co2+ ions was reąu ired  for its fuli activity.
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This cation was reported  to be an activator of glycyl-glycine dipeptidase 
obtained from  hog in testinal mucosa and o ther sources [23].

It w as n ot elear w h eth er  th e  Observed h yd ro lysis  o f  other d ipeptides  
tested  w as related  to th e  action o f  g ly c y l-g ly c in e  d ipeptidase or leu cin e  
am inopeptidase. T he in ab ility  o f  M n2+ and Co2+ ions to en h an ce con- 
sid erab ly  th is a c tiv ity  seem ed, h ow ever , to in d ica te  th a t sep arate  
en zym es w ere resp on sib le  for th e  h y d ro ly sis  of D L -alanyl-glycine, 
glycyl-D L -alanine, and g lycy l-L -leu cin e . D ip ep tid ases h yd ro lysin g  a la -  
ny l-g ly c in e  and g ly c y l- le u c in e  have been  described  as separate en zym es  
[24, 25]. N ev erth e less  the assum ption  that th e h y d ro ly sis  o f th ese  dipep
tides w as ca ta lysed  by sep arate en zym es, or m ore p rec ise ly , that the  
observed  a e tiv ity  w as not due to th e action  o f leu c in e  am inopeptidase  
or g ly cy l-g ly c in e  d ipeptidase, w as supported  o n ly  by th e h igher v a lu e  
of p roteo ly tic  co effic ien t and th e lack  o f  any specific  e ffec t  o f  d iva len t  
cations.

Besides dipeptidases specific for glycyl-glycine, alanyl-glycine, and 
glycyl-leucine also the enzymes hydrolysing proline dipeptides, i.e. 
prolinase and prolidase, have been reported  to occur in intestinal m u
cosa [23, 25]. A lthough no appropriate substrates w ere used, the 
appearance of free proline among the digestion products of protam inę 
indicated th a t both enzym es m ight have been present in the intestinal 
juice.

The changes of extinction va;lues of th e  cobalt оотр іех  in  the  course 
of diglycyl-glycine hydrolysis indicated th a t the  breakdow n in the 
initial stage was due to  the presence of am inotripeptidase. No special 
reąu irem ent for divalent cations was observed, the sam e being reported  
for am inotripeptidase obtained from  intestinal mucosa [25, 26].

It seems tha t neither of the two known carboxypeptidases was 
present in the intestinal juice studied, a t least not in m easurable 
amounts. This view is supported by the observed lack of chloroacetyl-l - 
-tyrosine hydrolysis, and a d ifferen t p a tte rn  of protam inę hydrolysis 
products as com pared w ith th a t Obtained w hen panereatie juice was 
used as a source of the  enzymes (Z. Szafran, unpublished data). I t  is 
probable th a t the observed hydrolysis of protam inę sulphate was me- 
diated by leucine aminopeptidase. In fact the activity of this enzym e 
tow ard smali proteins has already been described [9].

It was difficult to establish the presence in in testinal juice of endo- 
peptidases other than  enterokinase. Hydrolysis of the substra tes for 
these enzymes was very  Iow in comparison w ith  th a t observed in th e  
case of panereatie juice [29], and generally exceeded only slightly the 
lim its of accuracy of the m ethods used. It is not у et elear w hether 
enterokinase is specific for trypsinogen activation or w hether it  can 
also hydrolyse lysyl-isoleucyl o r sim ilar bonds in o ther proteins. The

[81
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ąuick degradation of protam inę by the intestinal juice could be  a ltern - 
atively explained by the action of endopeptidase in the  early  phase 
o f  reaction.

W hatever m ay be the m echanism  of the secretion of enzymes 
by in testinal mucosa, the presented. results suggest th a t the  intestinal 
juice obtained from the T h iry -Ѵеііа fistula possesses a m arked 
activity tow ard peptides. Taking in to  account the  values of proteolytic 
coefficients for the  hydrolysis of dipeptides and leucinamide, the 
activity of in testinal juice is com parable to th a t reported  by Sm ith & 
Bergm ann [26] for crude ex trac ts  of in testinal mucosa. It can be con- 
cluded th a t the  finał stage of pro tein  digestion takes place, at least 
in part, in the lum en of the  smali intestine, and the digestive function 
of in testinal juice should not be neglected.

The authors wish to express their g ratitude  to Professor Dr. B. Skar
żyński for his helpful advice.

SUMMARY

The hydrolysis of sonie dipeptides, amino acid derivatives, and 
proteins by canine intestinal juice obtained from  the Thiry-V ella 
fistula has been studied. The presenee of leucine aminopeptidase, gly
cyl-glycine dipeptidase, am inotripeptidase, and some o ther dipeptidases 
and endopeptidases in  intestinal juice has been discussed on the basis 
of the observed ra tes  of hydrolysis, influence of divalent cations, and 
known specificity of the enzymes. It was concluded th a t at least partial 
hydrolysis of d ipeptides occurred in the lum en of the intestine under 
the action of in testinal juice peptidases.
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B A D A N IA  NAD H Y D RO LA ZA M I SO KÓ W  T R A W IE N N Y C H

VII. ENZYMY PROTEOLITYCZNE SOKU JELITOWEGO PSA

S t r e s z c z e n i e

Badano hydrolizą kilku dwupeptydów, pochodnych aminokwasów 
i białek pod w pływ em  soku jelitowego psa uzyskanego z przetok Thiry- 
Vella. Na podstawie obserwowanej szybkości hydrolizy różnych substra
tów, w pływ u kationów dwuwartościowych i znanej swoistości enzymów 
przedyskutow ano możliwość w ystępow ania w soku jelitow ym  amino- 
peptydazy leucynowej, dw upeptydazy glicylo-glicyny, am inotrójpepty- 
dazy, a także innych dw upeptydaz i endopeptydaz. Jako ogólny wnio
sek przedstaw iono pogląd, że hydroliza dw upeptydów  zachodzi co n a j
m niej częściowo w świetle jelita  pod wpływem  peptydaz zaw artych 
w soku jelitowym .

R eceived  16 J a n u a ry  1962
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DIRECT TRANSFER OF ORTHOPHOSPHATE FROM ADENOSINE 
TRIPHOSPHATE TO MYOSIN AND H-MEROMYOSIN

D ep a rtm en t o f B io ch em istry , N en ck i In s ti tu te  o f  E xp er im en ta l B io logy, W arszaw a

Earlier investigations from  this laboratory  [3, 4] dem onstrated  that 
w hen myosin, H-m erom yosin o r actom yosin were incubated w ith  ATP 1 

the  am ount o'f protein-bound Pj increased considerably; the increase 
was especially conspicuous during  the initial period of incubation. 
These findings w ere in terp re ted  as an indication of form ation of phos- 
phory lated  proteins as in term ediates arising during the splitting of 
ATP. Although such a hypothesis has been  accepted by m any authors 
(cf. K alckar [15], W eber [25], K ielley [16]) the phosphorylated in ter- 
m ediate has пеѵег been isolated and its na tu rę  rem ained unknown.

In  the present study an a ttem pt was m adę to obtain evidence for 
the  form ation of the phosphorylated contractile proteins and to elucidate 
w hether the increased am ount of the protein-bound P; found during 
ATP splitting  [5, 3, 4] deriyed directly  from  the nucleotide.

The experim ents w ere perform ed on myosin and H -m erom yosin 
which w ere incubated w ith  32P labelled ATP and unlabelled Pj or, 
on the contrary, w ith  unlabelled ATP and radioactive orthophosphate. 
Using this isotope dilution m ethod it could be supposed th a t if P; was 
transferred  directly from  the hydrolysed ATP to the enzym es the 
specific actiyity of the form ed protein-bound Pj would be equal w ith 
th a t of the added [32P]ATP. If on  the o ther hand the bound Pi was 
derived from  the free P; p resen t in  the  medium  the specific activities 
of these two “kinds” of orthophosphates should correspond to each 
other. The results of experim ents presen ted  'beIow seem to indicate tha t 
the  protein-bound Pj arises chiefly a t the  ехрепэе of ATP and, therefore, 
we have ground to Ъеііеѵе th a t during  enzymie breakdow n of ATP

1 A b b rev ia tio n s  used : A T P , ad en o sin e  tr ip h o sp h a te ; A D P, ad en o sin e  d iphos- 
p h a te ; P ;, o rth o p h o sp h a te ; TCA , tr ic h lo ro a c e tic  ac id ; PCM B, p -c h lo ro m e rc u ri-  
benzoa te ; tr is , 2 -am in o -2 -h y id ro x y m e th y lp ro p an e -l,3 -d io l.
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by m yosin and H -m erom yosin a phosphorylated in term ediate is really 
form ed. A prelim inary  repo rt of some of these resu lts  has already been 
published [1 2 ].

MATERIAŁ AND METHODS

A ctin-free m yosin was p repared  from rabbit muscles according to 
Portzehl & W eber [2 2 ] and H-m erom yosin by the m ethod of Szent- 
Gyorgyi [24]. ATP labelled w ith  :!2P in fi and у position was prepared 
from  ADP and radioactive phosphate (received from the Institu te  of 
N uelear Research, W arszawa) by m eans of an oxidative phosphorylation 
process w ith ra t  Ііѵег m itochondria according to Colowick & K apłan [7]. 
The labelled product, [:!2P]ATP, was purified by passage through a bed 
of the  ion-exchange resin Dowex 1 by  the m ethod of Cohn & C arter [6 ] 
and then  checked by paper chrom atography using ethanol - Ім-acetic 
acid - 1 m-NH/.OH (7 5 :2 8 :2 , by vol.) according to Bergkvist [2]. The 
specific ac'tivity of у-P in ATP was determ ined a fte r hydrolysis with 
myosin.

Myosin, used in a gel form, and H-m erom yosin were incubated 
(at 20° o r a t 0°) w ith ATP and P; in  conditions recorded in the Tables 
for each k ind  of experim ents. ATP and Pj Solutions w ere m ixed before 
the experim ent and added to the incubation m ix ture  as a single solu
tion. The enzymie process was stopped by one of the following methods. 
In th e  case of m yosin gel: by  prom pt cooling to 0° and im m ediate 
centrifugation in cold, or by addition of ice-cold 1 м-acetate buffer 
solution, pH 4.6, (0.5 m finał concentration) and centrifugation in cold. 
In case of H-meromyosin, by addition of sa tu ra ted  (NH4)2 S 0 4 up  to 
55°/o sa tu ra tion  and centrifugation of th e  precipitated  protein. In each 
case the protein residue separated  by centrifugation was im m ediately 
washed twice w ith appropriate  solution (О.ОЗм-K C l o r 0.2 м-acetate 
buffer, pH 4.6, or am m onium  sulphate  55% satura'tion, respectively).

The superna tan t fluids w ere diluted to an appropriate  volum e and 
sam ples were used for de term ination  of the free orthophosphate and 
of its radioactivity. W hen the  enzym ie process was stopped sim ply 
by cooling to 0° the su perna tan t was im m ediately m ixed with TCA, 
1 0 %  finał concentration.

In the protein residue separated  by centrifugation and washed twice 
the bound P ; and, in some cases, the  bound nucleotides w ere determ ined 
after ex traction  w ith cold 10% TCA or 1.5 n-HC104 according to the 
usual procedurę in th is laboratory  [2 1 ].

Both the  free and the pro tein-bound P; were estim ated  by the 
m ethod of M artin  & Doty [2 0 ] which allowed a sim ultaneous determ ina
tion of the radioactivity  and of the con ten t of P; in the sam e sample. It 
was established in control experim ents th a t no contam ination of the P;
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[31 TRANSFER OF P j FROM  ATP TO M YOSIN 217

by the radioactive ATP and ADP took place in this procedurę. The 
nucleotides were determ ined according to Cohn & C arter [6 ] and the 
am ount of protein by the b iuret m ethod [1 1 ].

RF.SULTS

In the firs t series of experim ents myosin or H-m erom yosin were 
incubated w ith radioactive ATP and unlabelled Pj. Typical results of 
th ree  of such experim ents are presented in Table 1 . A lthough in these

T a b l e  1

Specific activ ity  of the protein-bound and of the free Pj af ter incuba- 
tion of m yosin and H -m erom yosin w ith [32P]ATP and unlabelled P , 
C onditions: E xp t. (1). H -m ero m y o sin , 25 m g.; M gC l2, 2.7 p jn o les; 0.05 м -g ly c in e  - 

KC1 b u ffe r, pH  9.0; [3 2P ]A T P , 2.8 p,moles, specific  ac tiv ity  43 500 coun ts /m in ./ 
p.mole у -P ; P ;, 2.9 pm oles; to ta l vo lum e, 4 m l.; tem p . 2 0 °.

E xp t. (2). M yosin, 51 m g.; M gCl2, 5 gm oles; 0.03 м - t r is  -  m a lea te  b u ffe r, pH  
7.0; KC1, 0.06 м; A T P , 9.7 pm oles, specific  a c tiv ity  38 400 coun ts/m in ./pm ole  
Y-P; P j; 6 . 8  pm oles; to ta l  ѵ оіоіте, 10 m l.; temip. 20°.

E xp t. (3). M yosin, 9.6 m g.; M gCl2, 3.0 um oles; 0.03 м - t r is  -  m a lea te  b u ffe r , 
pH  7.0; KC1, 0.06 M ; A T P , 3.0 pm oles, specific  a c tiv ity  44 300 coun ts/m in ./pm ole  
Y -P; P j, 2.4 p m o les; to ta l  vo lum e, 6  m l.; tem p . 0°.

T o th e  con tro l sam p les  [3 2P ]A T P  and  Р ; w e re  no t added . S pecific  a c tiv ity  
is e x p re ssed  as coun ts p e r  m in . p e r pm ole in o rg an ic  o rth o p h o sp h a te .

Expt.
no.

Incu- Interruption 
of enzymie 

process

Protein-bound P, Free P.inthesolution

Sample bation
(min.)

(//moles/g.
protein)

(counts/ 
min./ 

//mole Pj)
(//moles)

(counts/ 
min./ 

/./mole P<)

с
'tri

Control — 0 .2 9 — 0 —

1
O>>
Eou.<U
в

X

CL

-  <  S
>  CU с<N CC rr\

1

5
10
15

С .
Ъ  |

Лщ O '
z  ^w  Ю

0.92
1.26
0 .8 6
0.73

31 600
32 600  
38 400  

27  000

3 .14
3.81
4 .5 0
5 .60

7 300  
14 400
16 300
17 40 0

Control — O
0 .4 6 — 0 —

2

M
yo

si
n

a .

Г  Д  13 
£  CU С

1
5

10

с

Л
Cl

1.76
1 .00
0 .8 9

25 500  
23 500  

21 500

13.1
14.5
16.0

11 000  

13 9Г0  
16 600

20 cn 0 .5 0 20  400 17.6 1 8 0 0 0

Control _ 0 .25 — 0 —

3

M
yo

si
n CL.

5  S  Tl
>  CL С>  £  w

1
1
1
1
1 A

ce
ta

te
 

bu
ff

er
 

pH 
4.

6

11.0
5 .7

13.2
5.3
6 . 2

32 200  
31 00 0  

35 400
38 200
39 400

2 .90
2 .64
2.78
2.78  

2.71

6 100  
5 9 00
5 "00
6  800  

5 9 00
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experim ents the conditions and  the  m ethod of in terrup tion  of the 
enzymie process were d ifferen t w e can see tha t in all cases the specific 
activity of the protein-bound Pj form ed during ineubation was not 
much low er th an  the activity  of у -P  of the  added [3 2 P]ATP. A t the 
same tim e it was m uch higher th an  the activity  of the free P; which 
was initially present and which accum ulated in the m edium  as the 
result of [3 2P]ATP hydrolysis. The am ount of the bound Pj was, however, 
smali and ѵагіаЫе; in  some cases (Talble 1, Expt. 2 ) during a more 
prolonged ineubation period i t  showed a elear tendency to diminish 
and its specific factivity  became lower.

In the next series of experim ents the enzymes w ere ineubated in 
the presence of unlabelled A T P  and radioaotive Pj.  Table 2 shows the  
results of two experim ents perform ed with myosin. We see tha t under 
such conditions, in <accordance w ith the hypothesis of a phosphorylated 
interm ediate, the specific activ ity  of the protein-bound Pj was lower 
than  the activity  of the free Pj in the m edium. This was especially

T a b l e  2

Specific ac tiv ity  o f the protein-bound and of the free P, after ineuba
tion of m yosin w ith  unlabelled A TP  and  3 2P;

C onditions: E xp t. (1). M yosin , 23 m g.; M gCl2, 4.0 p,moles; 0.03 м- t r is  - m a lea te  
b u ffe r, pH  7.0; KC1, 0.06M; A T P , 4.0 pmoleis; P j, 4.0 pm oles; spec ific  a c tiv ity  90 000 
coun ts /m in ./ц т о іе  P ; ; to ta l  vo lum e 4 m l.; Ф етр. 20°.

E xp t. (2 ). M yosin , 2 0  m g.; M gC l2, 3.0 p,moles; 0.03 м - t r is  - m a lea te  b u ffe r , 
pH  7.0; KC1, 0.06 M ; A T P, 3.0 pm oles; P ;, 2.0 gm oles, spec ific  a c tiv ity  54 000 
с ou n t s/im i п . /ц т  ol e P j ; to ta l  ѵ о іи т е  3 m l.; tem p . 0°.

To th e  co n tro l sam ples A T P  an d  32Pj w e re  n o t added . S pecific  a c tiv ity  is 
ex p ressed  as coun ts p e r  m in . p e r  ц т о іе  in o rg an ic  o rth o p h o sp h a te .

Expt.
no.

Incu- Interruption
Protein-bound P< Free Pj in the 

solution
Sample bation

(min.)
of enzymie 

process (/mioles/g.
protein)

(counts/
min./ (/imoles)

(counts/
min./

/rmole Pi) ^ т о іе  P,)

Control — 0.42 — 0 —

1 Oh
H -H
<  ft*

1

5
cS
Ы)с

1.05
1.62

24 300 
31 0 0 0

6.05
6.85

63 000 
60 500

"S 73 
^  §

15
2 0

8u
2.29
2 . 1 0

31 0 0 0  

34 700
7.3
7.3

49 500 
49 000

Control — ІН 0.5 — 0 ■ —

2 CU
H H 1

3x> 5.5 3 200 2 . 8 38 000
<  Cu

.ti ^
1

1

1 A
ce

ta
te

 
pH 

4.
6 8 . 0

5.8
6 . 0

4 500
2 900
3 500

2.7
2.9
2.5

40 000 
37 000 
42 000
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oonspicuous w hen the reaction wlas in terrup ted  w ith acetate buffer, 
pH 4.6 (Expt. 2 ). In  both series of experim ents (Tables 1 and 2 ), when 
the enzymie process was stopped slimply b y  cooling to 0 ° (Table 1, 
Expt. 2 ; Table 2 , Expt. 1 ) the  differenice in the  specific radioactivities 
betw een the free and the bound P ; was, however, not very great.

In  the course of incubation the difference in the radioactiyities 
dim inished not only as the resu lt of the na tu ra ily  expected shift of the 
specific activity  of the free P; in the m edium  bu t also in consequence 
of a distinct change, in opposite direction, of the activity of the bound 
Pi. In  th is  way the results of both series of experim ents oonfirm the 
high prObaibility of a direct transfer of P ; from  ATP to the enzyme 
and of th e  form ation of a phosphorylated product.

T a b l e  3 •

The am ount of protein-bound nucleotides dnd the specific actiuity of the 
f ree and the protein-bound P-, aft\er incubation of m yosin uńth  /3 2P/A TP

and unlabelled  P,
C ond itions: M yosin, 38 m g.; M gCl2, 10.0 pm oles; 0.03 м - t r is  -  m a lea te  b u ffe r, 

pH  7.0; KC1, 0.06 M ; A TP, 10.0 pm oles, spec ific  a c tiv ity  44 300 coun ts /m in ./ц т о іе  
y -P ;  P j? 8.0 łm io les; to ta l ѵ о іи т е , 22 m l.; tem p. 0°. To th e  con tro l sam ples 
[ -H1ATP and  P ; w ere  no t added . T he enzym ie  reac tio n  w as in te rru p te d  w ith  
a c e ta te  b u ffe r  {pH 4.6) a f te r  1 m in. in cu b a tio n . S pec ific  a c tiv ity  is exp ressed  

as counts p e r  m in . p e r  ц т о іе  in o rg an ic  o rth o p h o sp h a te

Sample

Bound nucleotides Bound Pi Free Pi in the solution

ADP
0 «noles/g.

protein)

ATP
(/<moles/g.

protein)

(umoles/g.
protein)

(counts/
min./

//mole Pi)
(//moles)

(counts/ 
min./ 

//mole Pi)

split from 
ATP

(//moles)

Control — — 0.25 — 0 — 0

With [32P]ATP | 2.3 8.9 3.6 35 600 8 . 1 0 5 800 0 . 1 0

and Pi i 1 .1 8 . 8 4.6 33 800 8.17 7 300 0.17

In the th ird  series of experim ents (the resu lts of one of which are 
presented in Table 3) lafter incubation w ith  [3 2P]ATP and unlabelled P; 
the  separated  and washed protein was exam ined for the presence and 
rad ioactiy ity  of the  bound P, and also for the content of the bound 
nucleotides. These experim ents w ere perform ed to elucidate w hether 
it was possible th a t additional Pj was released from  ATP, present in the 
separated  and washed enzyme, as a resu lt of ,an incom plete inhibition 
of the enzymie ;activity. If this w ere ,so, a corresponding am ount of 
AD P would accum ulate in the p ro tein  residue. As can b e  seen, however, 
from  Table 3 isuch a subseąuent Pi release could hardly  take place. 
This point w ill be discussed later.
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A supplem entary  proof th,at the enzymie process, at leaist after 
addition of acetate buffer (pH 4.6) or (NH4 )2 S 0 4 , was com pletely stopped 
was given by the following experim ents: H-m erom yosin and myosin 
were ineubated with [;12P] ATP in the prejsence of (NH4 )2 S 0 4 (55°/o sa tu ra- 
tion) and О.бм-acetate buffer, respectively. I t  appeared th a t after 
2 0  mim. ineubation no radioaotivitv in the  P, of the  m edium  was present.

T a b l e  4

Influence of some inhibitors upon the specific actiu ity of the protein- 
-bound and the free P-. durina ineubation o f m yosin w ith  unlabelled

A TP  and 3 2P,
C onditions: M yosin, 20 m g.; 0.03 м - t r is  -  m a lea te  b u ffe r, pH  7.0; KC1, 0.06 м, 
A TP, 6.0 gm oles; Р ;, 2.5 pm oles, specific  a c tiv ity  62 000 coun ts /m in ./ц т о іе  P;; 
to ta l ѵ о іи т е  10 m l.; temip. 0°. To th e  icon.tr ol sam p les  A T P  and  3 2Р ; w e re  no t 
added. T he enzym ie reac tio n  w as  in te r ru p te d  w ith  ace ta te  b u ffe r , pH  4.6. S pecific  
a c tiv ity  is ex p re ssed  as coun ts  p e r  m in . iper pm ole in o rg an ic  o rth o p h o sp h a te

Sample Inhibitor
Incub-
ation
(min.)

Protein-bound Pj Free Pj in the solution

(/«noles/g.
protein)

(counts/
min./

jumole Pj)
(//moles)

(counts/ 
min./ 

/«mole Pj)

split from 
ATP

(/imoles)

Control None — 2 . 1 — 0 — —

None 1 7.2 1920 2 . 6 62 0 0 0 0 . 1

1 0 7.1 3500 4.1 38 000 1 . 6

With MgCl2, 2 0  //moles 1 5.8 2230 2 . 8 54 000 0.3

ATP 1 0 5.1 1460 3.3 44 500 0 . 8

and MgCb, 2 0  gmoles 1 7.6 1740 2.4 63 000 0 . 0
32p;

PCMB, 5 //moles 1 0 1 0 . 0 2880 2 . 8 54 200 0.3

MgCl2) 2 0  /rnioles 1 3.7 1240 2.5 62 0 0 0 0 . 0

CUSO4 , 1 0  gmoles 1 0 6 . 0 2230 2 .6 60 0 0 0 0 . 1

In the last series of experim ents m yosin was ineubated w ith unlabel
led ATP and radioactive P; in the presence of MgCb, PCMB or CuSO/, 
used as inhibitors. These experim ents were perform ed in relation to 
reeent findingjs of G ergely & M aruyam a [1 0 ] some of which seem ed 
to disagree With ou r results. A lthough the hydrolysis of ATP in these 
experim ents was considerably reduced, from the data  given in Table 4 
it can be seen th a t the  specific activity of the inereased am ount of the 
protein-bound P; Was m any tim es low er than  the activ ity  of the free Pj. 
Thus, aljso in th is case, the P; found as protein-bound evidently  derived 
not from  the m edium  bu t from  ATP which was sp lit on  a very smali 
scalę.
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DISCUSSION

The conception of phosphorylation of rnuscle proteins was expressed 
a lready  in  1941 by K alckar [15] who supposed tha t myosin in the 
contracted  s ta te  m ight act as ,a phosphate acceptor and during the 
relaxation  process as a phosphate donor. L ater on, W eber [25] wiorked 
ou t a hypothesis in w hich he postulated phosphorylation of contractile 
pro tein  as one of the firs t reaetions in the process of contraction.

The hypothesis of W eber iseemed to be supported  satisfactorily, 
although indirectly, by experim ents of Levy et al. [17, 18, 19] in which 
m yosin >and actomyosin w ere incubated w ith ATP in the ,presence of 
[,8 0 ]H 2 0 . A high level of J80  found in the  Pi after breakdow n of ATP 
was in te rp re ted  by these authors as evidence of form ation and subse- 
quen t sp litting  of a phosphorylated  pro tein  interm ediate. Recent find- 
ings of Dempsey & Boyer [8 ] have shown, however, th a t myosin and 
actom yosin in the presence of ATP m ay catalyse an exchange of the 
oxygens of Pi of the m edium  with w ater oxygens. The existence of 
such an  exchange indicates th a t the evidence of experim ents of Levy 
et al. in  favour of the phosphorylation hypothesis is not so convincing 
as i t  seemed. to be, bu t the hypothesis itse lf is of course far from being 
disproved by these findings.

To elucidate w hether the increased am ount of protein-bound P; found 
during  in teraction of contractile  proteins w ith ATP [3, 4, 5] can serve as 
an indication of form ation of phosphorylated interm ediates it is, first 
of all, necessary to study the origin of the  bound Pj. Otherwise, the .sole 
fac t of an increase of the bound P; m ay be m isleading and its m eaning 
m ay be in terp re ted  d ifferen tly . Quite recently  Gergely & M aruyam a 
[1 0 ] reinvestigated the rela tionsh ip  of P-binding and ATPase activity. 
These authors confirm ed the earlier findings from  our laboratory [3, 4] 
as regards <the increase of the protein-bound Pj during the course of 
the ATPase reaction; they  w ere, however, of opinion th a t this could 
be ascribed to  the binding of orthophosphate from  the m edium  and 
not to  a direct transfer from  ATP.

The evidence presented by G ergely & M aruyam a was based chiefly 
on resu lts  of two kinds of exj>eriments. 1°, An increase of P; binding 
under influence of ATP was found also in the presence of inhibitors 
(M]g24h PCMB and CuSO/i) w hen hard ly  any splitting  of ATP took 
place. 2°, In presence of added 32Pj an d  unlabelled ATP the specific 
aeti^ ity  of bound Pi was not lower than  th a t of the  total P ;.

Acconding to G ergely & M aruyam a these two lines of evidenee 
suggested th a t the observed Pi-binding was only enhanced by the 
presence of ATP and to a lesser degree by the  presence of some other 
nucleotides.
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Although a certain  discrepancy, which will be discussed below, 
appears to ex ist betw een the  findings of G ergely & M aruyam a [10] and 
ou r resu lts  we Ьеііеѵе th a t the p resen ted  experim ents provide evidence 
th a t a t least a very  consi de rabie p a rt of the protein-bound Pj derives 
d irec tly  from  the  ATP hydrolysed during  interaction w ith myosin or 
H-m erom yosin. In experim ents in w hich the enzym es w ere incubated 
'with [3 2P]ATP and unlabelled P j the specific actiyity of protein-bound 
P; was found to be of the same o rd er as y-P  in the  added nucleotide 
an d  m uch h igher than  th a t of the  P; in the  m edium  (Table 1). On the 
o th e r  hand, when the incubation  was perform ed w ith radioactive Pi 
and unlabelled ATP the specific actiyity  of the protein-bound P; was 
d istinctly  lower and som etim es m uch lower than  th a t of the  free Pj 
in the m edium  (Table 2 ).

I t  seemed, however, neoessary to take into consideration the follow- 
ing possibility. It m ight have occurred  th a t the  enzym ie reaction was 
not ye t com pletely inhibited when, a fte r  incubation, the  eleavage of 
A TP w as supposed to be stopped. If this were so, a lready  a fte r cen tri- 
fugation  ahd washing of the  protein, |Some additional am ount of P j  
oould possibly be spldt from  A TP attaehed  to the  precipitated  protein, 
thus im itating a real phosphory la tion2.

The evidence proyided by the presen t experim ents indicates, how- 
ever, th a t such an additional enzymie release of Pi can have only  a verv 
lim ited  significance.

F irst, such a release should be accompanied łby a corresponding 
dnerease of the am ount of ADP. Yet, the determ ination of ADP in the 
p ro te in  a fte r its separation and w ashing dem onstrated  clearly (Table 3) 
th a t even the total am ount of ADP present eould be responsible for 
not m ore than  a smali p a rt of ,the increased ąuan tfty  of the protein- 
-bound P; found a t the  sam e time. W hen a suitable correction for the 
p resence of the  ADP was madę the specific actiyity  of the bound P; 
still appeared to be about four tim es b igher than  the actiyity of the 
free iP; in the  medium.

Secondly, as was already shown, virtua'lly no enzymie sp litting  of 
A T P was obseryed in  the  presence of .e ither (NH/^SCb a t 55% satura- 
tion o r acetate buffer, pH 4.6. Therefore the suspected splitting  of ATP, 
a lready  a fte r centrifugation of the pro tein , m ight occur only w hen the 
enzymie action was stopped by prom pt separation of the enzym e a t 0 °: 
as a result, a som ew hat larger lamount Of Pj than  in the o ther ехрегі- 
m en ts should hav,e been p resen t in the separated  protein. It is therefore 
notew orthy  th a t the highest inerease of protein-bound P j  was found

2  W e a re  g rea tly  obliged to  P ro f. D r. H. H. W eber w ho  in  a p r iv a te  le tte r  
d re w  a tte n tio n  to  th is  possib ility .
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n o t w ith  th is m ethod of inhibition b u t in the experim ents (Table 3, 
Expt. 3) in wbich the  enzym ie process was com pletely in te rrup ted  by 
addition of acetate buffer (pH 4.6). H ere the specific activity  of the 
bound Pj w as also only slighTly low er than  the iactivity of у - P in  the  
added [3 2P]ATP.

Ali these findings strongly  support the view th a t during the enzym ie 
cleavage b f ATP a t least a very  considerable part of the protein-bound 
Pi orig inates d irectly  .from the  nucleotide. In som e of the experim ents 
(Table 1, Expt. 3) the  ąu an tity  of P; found as protein-bound form ed 
20 to 30% of the ,tot,al orthophosphate released ifrom ATP during one 
m inutę lof ineubation. According to ,a -rough calculation these highest 
figures suggest th a t 4 to 5 m oles of orthbphosphate w ere found per 
mole of the isolafed myosin.

The ea rlie r observations from  th is  laborajory [2 1 , 9, 23] indicate 
clearly  th a t a certaiin p a rt  of the protein-bbund Pj originates from  
binding of free P; p resen t in the  m edium . This fact explains w hy in 
expe:riments w ith unlabelled  ATP and 32|Pj the specific activity  of the 
bound P; пеѵег could be reduced /to zero ;and in experim ents w ith  
[.i2p]ATP it  пеѵег reached the activ ity  of у -P of the nucleotide. A fter 
a short ineubation period, iwith radioactive Pj th e  specific aetivity of 
the  bound P ; was m uch low er th an  the activi/ty b f the free Pj. We m ay 
suppose therefore th a t the fact th a t in  sim ilar experim ents G ergely 
& M aruyam a [1 0 ] w ere  unable tb  find any  d'ifference in the specific 
activ ity  of the boupd and the free  Pj is likely (to be due to a longer 
ineubation period and to a higher concentration of Pi used by these 
authors.

The recent resu lts  of Dem psey & Boyer [8 ] seem to indicate th a t 
the Pj p resent in (the phosphorylated enzyme m ay exchange w ith  the 
free Pj. If this is correct, the h igher ebneentrations of orthophosphate 
in ехрегітеЫ ^ of G ergely & M aruyam a could sh ift the  eąuilibrium  of 
the exchange and thus minimize the difference in the  radioactivity 
of The bound and the  free Pj.

It rem ains 'to discuss the experim ents in which m yosin was incubated 
w ith  ATP in the presence bf inb ib ito rs and added Pj. As m entioned 
above G ergely & M aruyam a [1 0 ] found under these conditions a d istinct 
Р-binding w ith  only  a Slight P; liberation o r  even w ithout i/t. They 
conclude therefore th a t the phbsphate binding could not be d irec tly  
correlated w ith the  ATPase aet!ivity. To elucidate The reason of this 
discrepancy we perform ed analogous experim ents using radioactive 
orthophosphate. F rom  the resu lts  p resen ted  in  Table 4 it m ay be seen 
th a t ATP hydrolysis was highly inhibited b u t like in o u r form er expe- 
rim ents the inereased am ount o f protein-bound Pj derived alm ost 
en tire ly  directly from  ATP and not from  the inorganic phosphate. Thus,
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the specific activity (of the bound Pj appeared tło be 20 to 50 tim es 
lower than  the activ ity  Of the added orthophosphąte.

According to K ielley [16], if we postulate the  existence of a tem por- 
arily  phosphorylated enzym e we m ay th ink  th a t “the  phosphate group 
oan sh ift tautom erically  betw een paired equivalent groups of the 
enzym e”. We can suppose th a t the inh ib itory  effect of Mg2+, PCMB 
and CuSO/, m ight consist not so m uch in the  prevention of form ation 
of the phosphorylated in term ediate  b u t ra th e r in the injterference with 
the processes of its dephosphorylation. Such a vie(w, in so fa r  as Mg2+ 
is concerned, is donsistent With ea rlie r findings of Brahm s & Kąkol [3] 
who showed th a t the initial increase of protein-bound Pj during ATP 
hydrolysis by myosin was somewhait higher in the  presence of Mg2+ 
than in its  absence. The strik ingly  high values of protein-bound P ; 
obtained in the experim ents in which the  enzym ie process was stopped 
by addition of acetate buffer, pH 4.6 (Table 1, Expt. 3; Table 2, Expt. 2 ), 
m ay perhaps also be significant as th e y  indicate a  possibility of selective 
inhibition of som e steps in the  enzym ie cleavage of ATP, especially of 
the steps connected w ith the dephosphorylatibn of the enzyme.

From  th e  resu lts presented above we m ay conclude th a t both the 
origin and the lability  of the  supposed phosphorylated enzym e indicate 
tha t it can be assum ed to be an in term ediate which is form ed and sub- 
seąuently  sp lit in the course o t ATP hydrblysis. In connection w ith 
the findings of G ergely & M aruyam a [10], especially w ith their obser- 
vation of an increase of P-binding by m yosin under influence of ADP 
when (provided th a t m yokinase is absent) a d irec t transfer of P; from 
the nucleotide is impossible, the following supposition can be madę. 
It is not to be excluded th a t during ATP hydrolysis two kinds of 
processes may occur. A tem porarily  phosphorylated enzyme is form ed as 
shown above and at the same tim e the P-binding m ay be enhanced 
under influence of the  nucleotides.

From  evidence tha t has accum ulated over m any years it seems 
likely th a t as a resu lt of even slight changes in environm en't the 
enzymie activity of contractile m uscle proteins and its m echanism  
m ay be considerably mtodified (cf. the in teresting  study of the kinetics 
of the fib rilla r ATPase by Bendall [1]). It seems w orth while to m en- 
tion th a t in our next experim ents w ith  actomyosin some of the findings 
were qu ite  d ifferen t from  the resu lts  presen ted  above. W hen actomyosin 
was ineubated w ith  [3 2P] ATP in a  m edium  of a high ionic s treng th  
(I >  0.15), a direct transfer of Pj from  the  nucleotide was clearly seen 
sim ilarly as in the case of myOsin and H-meromyosin. In a m edium  
of a Iow ionic s treng th  (0 .1 ), however, under conditions in which 
superprecipitation occurred, a considerable am ount of protein-bound Pj 
appeared which, m ost probably, orig inated  chiefly  from  an acid inso-
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lu b le  phosphorus com pound p resen t in itia lly  in actom yosin . P re li-  
m in ary reports o f som e o f  th ese  fin d in g s  have already appeared [13, 14] 
and th e in vestigation  is continued.

We wish to thank  Mrs. T. Kośmicka for her valuable technical 
assistance.

SUMMARY

1. The origin of protein-bound orthophosphate (Pj) form ed during 
splitting  of ATP by myosin and H-m erom yosin was studied with isotope 
dilution methods.

2. W hen the enzym es were ineubated w ith [3 2P] ATP and unla- 
belled Pj the specific activity of the protein-bound P { was of the 
same order as the activity  of у -P  in the nucleotide. W hen ineubation 
was petform ed with unlabelled ATP and radioactive P ; the specific 
activity  of the  bound P ; was always m uch lower than  th a t of the free 
Pi in the  medium. These resu lts  suggest th a t myosin- and H-m ero- 
m yosin-bound P| which appears duhinig ATP hydrolysis derives directly 
from  the nucleotide.

3. W hen ATPase activity iwas inhibited by MgCl2 , p-chlorom ercuri- 
benzoate or C uS0 4 the  protein-bound P ; likewise appeared also origi- 
nating m ainly from ATP.

4. I t  is concluded th a t the phosphorylated m yosin and H-m ero- 
m yosin m ay be the in term ediates form ed and  subseąuently  split during 
hydrolysis of ATP.
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B E Z PO ŚR E D N IE  PR ZE N O SZ E N IE  O R T O FO SFO R A N U  Z K W ASU  
A D E N O Z Y N O -T R Ó JFO SFO R O W E G O  NA M IO ZY N  I H -M ER O M IO ZY N

S t r e s z c z e n i e

Za pomocą m etody rozcieńczania izotopowego badano pochodzenie 
związanego z białkiem  ortofosforanu (P,) zjawiającego się w czasie roz
szczepiania kwasu adenozynotrójfosforowego (ATP) pod wpływem  mio
zynu i H-m erom iozynu. P rzy  inkubacji tych białek z [3 2P] ATP i  nie- 
znakow anym  P ; specyficzna aktyw ność związanego P; była tego samego 
rzędu co aktyw ność у -P  w nukleotydzie. N atom iast w czasie inkubacji 
z nieznskow anym  ATP i radioaktyw nym  P ; aktyw ność specyficzna P, 
była (również i w obecności inhibitorów) zawsze znacznie niższa niż 
aktyw ność wolnego P; w środowisku.

Uzyskane wyniki w skazują na to, że zjaw iający się związany z biał
kiem  Pj pochodzi bezpośrednio z nulkleotydu i że ufosforylow any 
miozyn, względnie H-m erom iozyn można uważać za produkt pośredni 
zjaw iający się i rozpadający się w czasie enzym atycznej hydrolizy ATP.

R eceived  17 J a n u a ry  1962
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OXYGEN AND DOSE-RATE EFFECTS ON SURVIVAL CURVES 
OF y-IRRADIATED TRANSFORMING DNA IN THE PRESENCE 

OF PROTECTIVE SUBSTANCES

S ta te  In s titu te  o f H yg ien e , W arszaw a

D uring the course of a previous investigation [14] on the  y-ray 
inactivation of dried preparations of several transform ing principles, 
it was observed that the natu rę  of the  dose-survival curves was appre- 
ciably a ltered  in the presence of a “pro tective” substance such as yeast 
ex tract. Subseąuently  several tria l experim ents on aąueous Solutions 
of transform ing DNA (T-DNA) dem onstrated  that, in addition to the 
expected protectibn conferred by th e  addition of foreign substances, 
there  resu lted  not only a m arked altera tion  in  the form of the survival 
p lots but, in the presence of various -SH compounds, also an apprecia- 
ble dependance of the ra te  of inactivation on the dose-rate. Simul- 
taneously a distinct oxygen effect m ade its appearance w hen the pro- 
tecting substances used were some m ercaptans.

The influence of ionizing radiations on T-DNA in aąueous medium  
has not been as extensively investigated as for dried o r frozen prepa
rations, w here the p rim ary  objective is the determ ination  of “m arker 
sizes” by targe t theory. Ephrussi-Taylor & L a ta rje t [5 ] found that 
Solutions of T-DNA w ere ąu ite  sensitive to X -rays апД reported  that, 
if there  were any oxygen effect, it is not very  m arked. Drew [3] noted 
a ra th e r high degree of protection in  the  presence of cysteine, a sub
stance known to protect against the  action of rad iation-produced  radi- 
cais, bu t no quantita tive  data w ere given. The first extensive and  quan- 
tita tive  study was th a t of Defilippes & Guild [2 ], who also signalled 
the absence of an oxygen effect in solution, although Guild [7] sub
seąuen tly  reported  an oxygen effect on d ry  DNA. Following comple.tion 
of the present Work, a paper appeared by Hutchinson [9] in which, in 
an  extension of the ea rlie r sfudies of H ow ard-F landers [8 ] on bacterio- 
phages, it was found th a t a ne t oxygen effect m ay be Observed when 
pneumoeoccal T-DNA is irrad ia ted  in the presence of su lphydryl

[2 2 7 ]http://rcin.org.pl



228 R. PAKUŁA, W. WALCZAK AND D. SHUGAR [2]

subStances, sim ilar to the observations we report below for strepto- 
coccal T-DNA.

The foregoing is of special in terest in view of the long-know n fact 
tha t the sensitivity  of living cells to ionizing radiations is usually 
oxygen dependent, the m agnitude of this oxygen effect being freąuen tly  
appreciable. Its precise na tu rę  and origin are  still the  subject of con- 
siderable speculation. More im portan t still, an oxygen effect has been 
dem onstrated for irrad iated  in tracellu lar T-DNA [10].

On the o ther hand, although a num ber of physiological effects have 
been reported  to be a function o f dose-rate (see, e.g. Bacą & Alexander, 
[1 ]), th is apparently  doeS not apply to gene m utations which, w ith 
a few possible exceptions, are apparently  dose-rate independent [1 1 ]. 
An exam'ination of possible dose-rate effects for an in nitro  system  
involving DNA conseąuently  appeared to be w arran ted .

MATERIALS AND METHODS

Bacterial strains. The recipient organism  used in transform ation 
was a Challis s tra in  of group H haem olytic streptococci, capable of 
g'iving a high yield of transform ants [1 2 ]. The donor was a m u tan t of 
this s tra in  resistan t to 2  mg./ml. of streptom ycin or dihydrostrepto- 
mycin. S treptom ycin resistance was the only m arker used in this 
investigation.

Transform ing DNA.  This was prepared as follows: The centrifuged 
and washed bacterial cells, in the presence of 0 . 1  м-sodium  citrate, were 
subm itted to the action of a  concentrate of the  lytic factor from 
a strep  tomy ces strain , know n as actinom ycetin [13], and capable of 
lysing both living and heat-k illed  streptococci. Im m ediately following 
celi lysis, the DNA was precip ita ted  w ith  1 vol. ethanol, washed эеѵегаі 
tim es with 70% ethanol and dissolved in a solution óf 0.15 M-NaCl 
and 0 . 1  м-sodium yersenate  by agitation on a w rist-action shaker. 
To 15 ml. of the DNA solution was then  added 1 ml. of 30% Duponol 
С 'and, a fte r a lapse of 30 min. at 37°, the m ixture was centrifuged for 
3 0 -  40 min. a t 13 000 g to гетоѵ е  a considerable am ount of protein. 
The resulting  solution was fu rth e r deproteinized iseveral tim es by the 
m ethod of Sevag et al. [16], subm itted  to the action of ribonuclease for 
the purpose of rem oying RNA, then  deproteinized once o r tw'ice more 
by the Sevag m ethod and finally  w ith w ater-satu rated  phenol. The 
T-DNA was then  again precipitated  w ith  1 vol. e thanol and dissolved 
in 0.015 M-NaCl containing also 0.015 м-sodium  citrate. This procedurę 
was repeated 3 - 4  tim es and the T-DNA finally  dissdlved in 0.15 M-NaCl 
to a concentration of about 0.5 mg./ml. The u ltrav io let absorption spec
trum  of siuch a preparation  exhib ited  a ratio  of т а х і т и т  (2600 A) to 
m inim um  (2300 A) absorption of 2.0 to 2.1.
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Irradiation procedurę. T he source o f rad iation  w as a 49 cu r ie  disc 
of oobalt, th e construction  and u se  o f w h ich  have been  described e lse -  
w h ere  [18]. S o lu tion s w ere 'irradiated in 6-m m . d iam eter test tubes  
d istrib u ted  sym m etr ica lly  about the source; and th e rad iation  doses  
w ere  ob ta in ed  by ferrous sulpha'te d osim etry  con d u cted  on  Solutions 
in th e  sam e tubes, th u s e lim in a tin g  the e ffec t o f n on -u n iform ity  in  
dose for those sam ples irradiated  close to  th e  source.

Transform ation techniąue. Transform ation reactions were carried 
out w ith  com petent cells preserved in a deep-freeze, as described by 
Fox & Hotehkiss [6 ] for pneumococci. The concentration of T-DNA in 
the transform ing m edium  was always 0 . 1  м-g./m l., which is below the 
satu ration  level. The num ber of transform ants w as obtained by  plating 
on an agar medium containing 3°/o defibrinated  blood and 250 Mg./ml. 
streptom ycin. The recipient stra in  exhibited no grow th in the presence 
of 10 Mg./ml. streptom ycin.

Protecting substances. These included the following m acrom olecular 
substances: hyaluronic acid frOm umbilical cord; 'thym us DNA, heated 
prior to use for 15 -20 min. a t 100° in o rder to p reven t transform ation 
inhibition; and 'the soluble fraction of d ex tran  (polyglucoside) ex tracted  
from  the culture m edium  of a Streptococcus sanguis stra in  cu ltu red  in 
broth w ith  5°/o saccharose. The foregoing w ere prepared  in this labo- 
ra to ry  according to standard  procedures. Also em ployed were commer- 
cial preparations of yeast RNA and yeast ex trac t (Difco).

The Iow m olecular w eight substances used included cysteine, thiourea 
and /9-m ercaptoethanol (Eastman).

Ali S o lu tion s w e r e  in it ia l ly  b ro u g h t to  n e u tr a lity  w ith  NaOH, fo l
lo w in g  w h ic h  th e y  w e r e  d ilu te d  to  th e  a p p ro p r ia te  c o n c e n tr a tio n  w ith  
th e  T-DNA sa m p le s  in  0.01 м -p h o sp h a te  b u f fe r  ,at pH 7.0 - 7.2. F in a ł 
c o n c e n tr a tio n  o f  T-DNA in  a ll S o lu tion s w a s  1 Mg./ml.

RESULTS

It is perhaps necessary, at the outset, to emphasize th a t all the 
resu lts herein reported  are  based on the use o f a single preparation  
of T-DNA, for which the ratio  of u ltrav io let extinction  of m axim um  
to m inim um  was 2.05. It was subseąuently  found th a t a duplicate pre
paration  exhibited  a d ifferen t radiation sensitivity. For е х а т р іе , one 
T-DNA sample, for which the ratio  of т а х і т и т  to m inimum  extinction 
was 1 .8 , was found to  be m ore radioresistant. Since a lower ratio  of 
т а х і т и т  to m inim um  absorption is indicative of a poorer degree of 
deproteinization, this would apparently  imply a m arked protective 
effect by the protein  com ponent of the  nucleoprotein. This is in agree- 
m ent w ith w hat m ight be expected from  the recen t findings of Em m er-
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son et al. [4] and Peacocke & P reston  [15], who report th a t the nucleic 
acid moieties of na tu ra l nucleopPoteiins are  rem arkably  resistan t to 
ionizing radiations, the p rim ary  effect involving in itially  the protein 
oomponent alone.

It would, in  fact, appear to be useful to carry o u t a system atic 
investigation of the  radiosensitivity  of the biOlogical activ ity  of trans- 
form ing deoxyribonucleoprotein following stepwise deproteinization.

Fig. 1 presents the  dose-survival curves for T-DNA in 0.85% NaCl 
buffered to pH 7, a t dose-rates of 2.4, 8.3 and 33 kr./hr., and the 
protective effects of hyaluronic acid, yeast RNA and commercial yeast

20 30
Dose (r  *  10'

Fig. 1. D o se -su rv iv a l cu rv es in  a ir  fo r 
T -D N A , 1 p.g./ml., in  th e  absence  and  p re -  
sence of se v e ra l h igh  m o lecu la r w e ig h t 
substances. (Д ) , T -D N A  only, d o se -ra te  
2.4 k r ./h r .;  (# ) , T -D N A  only, d o se -ra te  8.3 
k r ./h r .; . T -D N A  only, d o se -ra te  33 k r ./  
h r.; (o T -D N A  + 1 m g./m l. h y a lu ro n ic  
acid , d o se -ra te  8.3 k r ./h r .;  □  ), T -D N A  +  
1 m g./m l. RNA , d o se -ra te  8.3 k r ./h r .;  (X) 
T -D N A  +  1 m g./m l. y e a s t e x tra c t, d o se -ra te  

8.3 k r./h r.

extract. I t  will be seen that, in the absence of foreign substances, the 
ra te  of inactivation is relatively  independent of the dose-rate. I t  should 
also be noted 'that the  semi-log plots are reasonably linear to a residual 
,activity of less than 1 %.

From  th e  same figurę it  (will be observed tha t yeast ex trac t is most 
effective in protecting against inaetivation, on a w eight basis. F u rth e r-  
more, the semi-log plots rem ain linear under these conditions. Not 
shown in the figurę are the results for dex tran  and heat-denatured  
thym us DNA, which w ere less effedtive as protectors than  yeast 
ex tract, RNA o r hyaluronic acid. In an additional experim ent, not 
included in Fig. 1, it was found th a t the  dose-surVival curve in the 
presence of 1  mg./ml. yeast ex traet was essentially unchanged w hen 
the dose-rate w as varied frOm 8.3 to 118 kr./hr.

Wi'th o u r rad iation  set-up, it w as not feasible to run  a dose-survival 
curve for T-DNA, in the  absence of protective substances, a t dose-rates
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above 33 kr. hr., sińce the sho rt exposure tim es reąu ired  w ere not 
readily  attainable w ithout the  introduction of considerable experim ental 
errOr. We conclude, noneltheless, from  the foregoing results, th a t with 
the 1 ng./ml. T-DNA concentration em ployed throughout this work, 
no dose-rate effect prevails over the en tire  rangę from 2 . 4  to 118 kr./hr.

The rem arkably higher protective efficiency of thiourea and m er- 
captans, on a weight basis, is illustrated  in Fig. 2. Ndte that, w hereas 
for cysteine and m ercaptoethanol the survival curves are linear, the

Fig. 2. D o se -su rv iv a l cu rv es  in a ir  fo r  T -D N A , 
1 ąg./m l., in  p re sen ce  of 1  m g./m l. of th io u re a  
and m ercap tan s . (□ ) , D NA  only, d o se - ra te  8.3 
k r./h r.; (# ) , /? -m ercap toe thano l, d o se - ra te  118 
k r./h r.; (x ), cyste ine , d o se -ra te  118 k r ./h r .;

(O), th io u re a , d o se -ra te  118 k r ./h r .

Fig. 3. D o se -su rv iv a l cu rv es in 
a ir  fo r  T -D N A  d rrad ia ted  in  th e  
p resen ce  of variouis co n cen tra - 
tions of cyste ine , d o se -ra te  118 
k r./h r.; (# ), C yste ine  2.5 m g./m l.; 
(X), cy ste ine  1.0 m g./m l.; (д ), 

cy ste ine  0.25 m g./m l.

one for thiourea exhibits a gradual break  at a residual activity of 
about 15% (of., however, Fig. 5, belo w). Although, on a iweight basis, 
m ercaptoethanol appears to be m ore efficient as a protector than 
cysteine o r thiourea, it is actually  only slightly m ore effective than 
cysteine w hen the concentrations are expressed on a m blar basis, аз 
m ay be seen from Fig. 3, which illustrates the  influence of cysteine 
concentration on the ra te  of inactivation.

Although the degree of protection conferred by cysteine in the above 
experim ents is m uch greater than  th a t reported  by H utchinson [9], the 
differenoe in  results is  mOre apparerit than  real. The degree of pro
tection is, in effect, also a function of the ratio  of cysteine to T-DNA
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concentration, as m ight be expected; and H utchinson used a concentra- 
tion of crude T-DNA several hundred  tim es higher than  th a t employed 
in the present work.

Ali the foregoing irradiations were conducted in  an atm osphere of 
air. A ttention w as now directed to the  possible influence of oxygen. 
For this purpose the Solutions 'to be irrad iated  w ere firs t sa turated  
e ither with oxygen o r nitrogen, and then  sealed w ith  paraffin  wax. 
It would obviously have been desirable to pass the  appropriate gas 
continuously through the Solutions during irradiation, bu t, for 'technical 
reasons, this was not found possible. The effects noted, if any, would 
conseąuently represen t the m inim um  observable (see also below).

From  Fig. 4 it w ill be seen th a t the  dose-survival curve for T-DNA 
alone is relatively  independent of the natu rę  of the atm osphere in 
which irradiation is carried  out. The situation is not m arkedly  altered 
when the T-DNA is exposed in the presence of th iourea (Fig. 5). On 
the o ther hand, in the presence of cysteine or m ercaptoethanol (Fig. 6

Fig. 4. D o se -su rv iv a l cu rv es fo r  F ig . 5. D o se -su rv iv a l cu rves fo r
T -D N A  ir ra d ia te d  in  isolution a t a T -D N A  ir ra d ia te d  in  the  p re se n c e  of
dose ra te  o f 2.4 fcr./hr. in  an  a tm o - 0.25 m g./m l. th io u re a , a t  d o se - ra te  of
sp h e re  o f ( • ) ,  a ir ;  (X ), oxygen ; 33 k r./h r ., in  an  a tm o sp h e re  of ( • ) ,

(O ), n itro g e n  a ir ; <X), oxygen ; (Д ), n itro g e n

and 7), a very pronounced Oxygen effect 'is apparent, quali'tatively simi- 
lar to that observed by Hutchinson [9] for pneumococcal T-DNA with 
glutathione as an -SH protector. The resu lts for irrad iation  in an atm o
sphere of air fali, both for cysteine and m ercaptoethanol, be^tween those 
for oxygen and nitrogen, as m ight be anticipated.
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The c lose  resem b lan ce b e tw e e n  our fin d in gs and those o f  H utch in - 
son [9], w ho bubbled o x y g e n  or n itrogen  con tin u ou sly  through  th e Solu
tions during irradiation, su g g ests  th at ou r Solutions w ere  a d eąu ate ly  
saturated  w ith  the resp ectiv e  gases during th e period o f ex p o su re  to 
the radiation  source, d em on stratin g  the rea lity  o f th e  o x y g e n  e ffec t.

In addition to the oxygen effect so clearly placed in evidence by 
Fig. 6  and 7, the presence of cysteine also provokes a m arked depen- 
dance of the slopes of the dose-survival curves on the dose-rate, in an 
atm osphere of air. This 'is dem onstrated  quantita tively  in Fig. 8 , from

Fig. 6 . D o se -su rv iv a l cu rv es  fo-r 
T -D N A  ir ra d ia te d  in  th e  p re s e n c e  of 
Ѳ.25 m g./m l. cy s te in e , a t  a d o se - ra te  
of 33 k r./h r ., in  an  a tm o sp h e re  
of ( • ) ,  a ir ;(X ), oxygen ; (Д), n itro g e n

Fig. 7. D o se -su rv iv a l cu rv es  fo r 
T -D N A  ir ra d ia te d  in  th e  p re 
sence of 0.25 m g./m l. /9-m erca- 
p to e th an o l, a t a d o se - ra te  of 
33 k r./h r., in  an  a tm o sp h e re  of 
( • ) ,  a ir ; (X), oxygen; (д ), n i

tro g en

which it will be observed that, e.g., in the presence of 250 Mg./ml. 
(2 X 10'-'m) cysteine, the  D370/o dose for T-DNA inactivation is 8 8  kr. at 
a dose-rate of 118 k r./h r., b u t only 16 kr. a t a dose-rate of 6 . 5  kr./hr. 
The dose-rate effect was found in separate  experim ents to be only 
slightly less pronounced in the  presence of m ercaptoethanol bu t much 
less so for thiourea. The specificity of ‘th is effect is clearly established 
by the fact th a t it is comipletely absent in the presence of yeast 
extract.

Attem pts were subsequently  made to de!term ine to w hat e x ten t the 
observed dose-rate effect is dependent on oxygen. U nfortunately  the 
results obtained w ere not e n tire ly  unequivocal. U nder nitrogen alone, 
no influence of dose-rate was observed, as m ight have been ahticipated.
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Нолѵеѵег, under oxygen alone the effect encountered w as only 20 - 25% 
of that expected. The reason for this is not elear and reąu ires  fu rth e r 
investigation. I t would, perhaps, be desirable to repeat th is experim ent 
under condftions w here  there is a continuous flow of oxygen through 
the system. This was indicated by the fact that, even in an atm osphere 
of air, the dose-rate effect was reduced by about 35% if the tubes con- 
taining the sam ples were sealed off instead of being left open to  the

Fig. 8 . D ose-su rvdval cu rv es  in  a ir  fo r 
T -D N A  ir ra d ia te d  in  th e  p resen ce  of 0.25 
m g./m l. cy ste ine  a t fo llow ing  d o se -ra te s :

(O ), k r ./h r .;  (д ), 15 k r ./h r . ;  (# ), 33 k r ./  
h r .; (x ) , 118 k r ./h r .

atm osphere. On the o ther hand, notw ithstanding the lack of continuous 
oxygen sa tu ra tion  in our experim ents, as already re fe rred  to above, 
the oxygen effect observed (Fig. 6  and 7) is alm ośt quan tita tively  sim ilar 
to that reported  by H utchinson [9] under conditions which assured 
continuous oxygen saturation of the irrad ia ted  Solutions.

DISCUSSION

From  Fig. 1, 2 and 3, it is elear th a t 'the protective effect of thiourea, 
cysteine and m ercaptoethanol is highly specific by comparison w ith 
such substances as RNA o r yeast ex tract. This is even m ore strikingly 
apparent from  the data presented in Table 1. W hen the irradiations are 
perform ed under nftrogen, the  protective effect of cysteine and m er
captoethanol is even more pronounced.

The pronounced oxygen effect observed w ith  cysteine and m er
captoethanol is in good agreem ent w ith th a t found by  H utchinson [9] 
for crude ex trac ts  of pneumococcal T-DNA in the  presence of gluta- 
thione, notjwithstanding th a t the dose-rates used in the  la tte r  studies 
w ere 60-fold g rea ter than  ours. The present findings are  also in  accord

http://rcin.org.pl



19] y-IRRAD-IATION O F TRANSFO RM ING  DNA 235

w ith those of H ow ard-Flanders [8 ], who dem onstrated th a t T - 2  bacte- 
riophage exhibits increased radiosensitiv ity  under an oxygen atm osphere 
in the presence of -SH compounds. The specificity of -SH groups in 
th is phenom enon is fu rth e r  a ttested  to by the fact that, as for the  T-2 
bacteriophage, -no oxygen effect is obseryed in the  presence of thiourea, 
notw ithstanding the pronounced pro tective effect of this compound, 
which is of the same order of m agnitude as th a t for cysteinę (Table 1).

T a b l e  1

Doses reąuired to reduce actin ity of transform ing D NA (1 \лд./ті.) in 
neutral solution in air, to 37°/o residual actin ity in the presence of

protecting substances

Protecting substance Dose
(kr.)

None 1 . 6

Hyaluronic acid (1 mg./ml.) 8 . 0

Yeast RNA (1 mg./ml.) 1 0

Yeast extract (1 mg./ml.) 17
Thiourea (0.25 mg./ml.) 57
Thiourea (1 mg./ml.) 170

Cysteine (0.25 mg./ml.) 76
Cysteine (1 mg./ml.) 330
Cysteine (2.5 mg./ml.) 719

Mercaptoethanol (0.25 mg./ml.) 
Mercaptoethanol (1 mg./ml.)

92
560

Additional evidence for the specificity of -SH groups in th is system  
is the im portant dose-rate effect obseryed in air (and, albeit to a lesser 
extent, in oxygen) w ith  cysteine and m ercaptoethanol, bu t not with 
yeast ex tract, and only  to a slight ex ten t iwith thiourea. The natu rę  
o f the  dose-rate effect is  ra th e r curious. If the function of the -SH 
protecting groups is to trap  radicals form ed in  aąueous m edium  before 
they сап atta in  the T-DNA molecules, one would expect them  ‘to be 
less efficient w hen the ra te  of production of free  radicals is increased,
i.e. w hen the dose-rate is increased. In  fact, the reverse is the case 
(Fig. 8 ). I t is, of course, сопсеіѵаЫе th a t the  dose-rate effect on the 
T-DNA is more apparen t than  real, in th a t we m ay be dealing w ith 
a dose-rate effect on the protecting -SH groups them selves. This, 
however, appears ra th e r  unlikely from  the findings of Swallow [17] and 
Hutchinson [9], which indicate 'that the doses used here did not result 
in sufficient destruction of the  protective substances as to m arkedly  
change their concentration during the irrad ia tion  periods employed.
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This is also supported by  the fact 'that the survival curves do not show 
e ither pronounced breaks o r curvature, which m ight be expected to 
accompany any pronounced decrease in concentration of the protective 
-SH groups, It would undoubtedly  be of some value to е х а т іп е  w hether 
a dose-rate effect exists for in trace llu la r T-DNA, w here an oxygen 
effect is also reasonably well established [9]; the  m ore so in th a t there 
is no dose-rate effect in the  absence of protective substances, nor in 
the presence of protective -SH grOups under a nitrogen atmosphere. 
The resu lts of such experim ents m ight provide some clue as to the 
state of in tracellu lar T-DNA.

It is perhaps of in terest, in this connection, to recall w hat was 
m entioned above w ith regard  to the differences in rad iation  sensitivities 
of different preparations of T-DNA and which a re  apparently  depend
ent on the ir protein  contents. The rangę of D37o/ 0 doses we have 
found in these and in previous experim ents [14] is appreciable, from  
800 to 3200 r. These values are to be compared w ith several reported 
by Defilippes & Guild [2], for one of whose pneumococcal T-DNA pre
parations the D 37o/o dose was as little as 65 r., under irrad iation  condi- 
tions com parable to those prevailing in the present experim ents (T-DNA 
concentration 8  Fg./ml.). I t is alm ost essential th a t the source of these 
differences be clarified if we are to gain any fu rth e r understanding 
of the naturę  of the inactivation process; 'this factor is also a prere- 
ąuisite  if a fru itfu l comparison of the resu lts of d ifferen t laboratories 
is to be made on a quantita tive  basis.

SUMMARY

A study has been m ade of the inactivation of streptococcal transform - 
ing DNA by ionizing radiations in dilute aąueous medium, and the 
protection conferred by the presence of various substances. A ra th e r 
high degree of specific protection prevails in the presence of th iourea 
and some m ercaptans. In the presence of the  -SH compounds there is 
a pronounced oxygen effect. An appreciable dose-rate effect also 
m anifests itself in  the  presence of the  -SH compounds, bu t not w ith  
thiourea, yeast ex tract, ribonucleic acid o r hyaluronic acid. The survival 
curves for d ifferen t DNA preparations exhib it some varia tion  in the 
D37o/ 0 dose w hich is, in p a rt  at least, dependent on the  protein  content 
of the  transform ing DNA sample; it is conseąuently essential to use 
the same p reparation  throughout any given series of experim ents in 
order to obtain comparable results.
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E FE K T  SZY B K O ŚC I D A W K O W A N IA  I E FE K T  TLEN O W Y  W IN  A K T Y W A C JI 
T R A N SFO R M U JĄ C E G O  DNA W O BEC N O ŚC I S U B ST A N C JI 

O C H R A N IA JĄ C Y C H

S t r e s z c z e n i e

Zbadano przebieg inaktyw acji roztworów transform ującego DNA 
z paciorkowców przez promieniowanie jonizujące w nieobecności 
i w obecności substancji ochraniających. W obecności tiomocznika i nie
których związków m erkaptanow ych efek t ochronny jest wysoki. S tw ier
dzono także bardzo znaczny efek t tlenowy w  obecności związków -SH. 
W ich obecności obserw uje się również efek t szybkości dawkowania, 
k tóry  nie w ystępuje, gdy jako substancji ochronnych używa się tio
mocznika, wyciągu drożdży, RNA lub kwasu hialuronowego. Dawki 
energii D3 7o/ 0 dla poszczególnych preparatów  DNA różnią się znacznie, 
co przynajm niej częściowo można przypisać różnej zawartości w nich 
białka. Z powyższego wynika, że każdą serię badań należy przeprow a
dzać z tym  samym preparatem  DNA.

R eceived  22 J a n u a r y  1962.
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HISTOCHEMICAL LOCALIZATION OF HYALURONIDASE 
AND AMYLASE BY THE FILM-SUBSTRATE TECHNIQUE

D ep a rtm en t o f B io ch em is try , S ta te  ln s t i tu te  o f H yg iene; and In s ti tu te  o f 
B io ch em is try  and B io p h ysics , P o lish  A ca d em y  o f S c ien ces , W arszaw a

In the film -substrate itechnique proposed by Daoust [2 , 3] for the 
localization of ribonuclease and deoxyribonuclease, a tissue section is 
brought into intim ate oontact w ith a gelatin  film  containing the  sub
strate . Following incubation, the section is rem oved and the  film 
stained w ith an appropriate basie dye which is bound read ily  by the 
ribo- o r deoxyribonucleic acids used as substrates, except for those 
sites where the la tte r have undergone enzymie hydrolysis. The stained 
film  consequently reflects the localization of the enzyme in the  tissue 
section. A som ew hat sim ilar technique has been independently  applied 
by Todd [1 0 , 1 1 ] for histochemical estim ation of fibrinolytic activity 
by m eans of fibrin  films, and by Adams & Tuqan [1] for localization 
of protease activity  w ith the use of commercial X -ray  films.

The foregoing type of technique should lend itself readily  to the 
localization in tissue sections of a varie ty  of o ther enzymes, the  substra
tes of which are high m olecular w eight compounds for w hich suitable 
stains are available, and the products of enzymie hydrolysis of which (a) 
e ither lose, o r undergo modification of, their staining properties, or (b) 
readily  diffuse out of the film  prior to, o r during the staining procedurę. 
We have previously reported  on the application of this technique to 
nuclease enzymes, using as substrates some synthetic  and natu ral 
oligo- and polynucleotides. The m inim um  chain-lengths for applicable 
substrates w as found to be about 1 0  residues. Shorter chains w ere found 
to be unsuitable because of the ir rela tively  rapid  ra te  of diffusion from  
the  films during the incubation period o r during subsequent stain ing [9].

In the present comm unication are described the results of some 
experim ents on the extension of the  film -substrate technique to two 
additional enzymes, am ylase and hyaluronidase.

For the firs t of these we have m ade use of the  variation in  affinity
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for iodine of polysaccharides, as a function of their degree of polymeri- 
zation, to localize am ylase-like enzym es which hydrolyse these polymers, 
the particu lar substra te  used being w ater-soluble starch. The histoche- 
mical localization of am ylase is a problem  of some in terest in view 
of the im portant physiological role of this enzyme, which has h itherto  
been “localized” exclusively by means of celi fractionation techniąues 
[5, 8 ]. The application of the  film -substrate m ethod to this enzym e is 
conseąuently w arranted, notw lthstanding th a t the resolution attainable 
leaves m uch to be desired [9].

The procedurę for hyaluronidase makes use of the  m etachrom asy 
of hyaluronic acid and chondroitin  sulphate. Localization data for this 
enzym e have likewise h itherto  been based solely on celi fractionation 
studies [5, 8 ]. Two substrates were em ployed for hyaluronidase, w ith 
a vieiw to determ ihing w hether there  w as any differenoe in localiza
tion of the enzyme(s) acting on these. A lthough we have not investigated 
the use of d ifferen t substra tes for amylase, this w ould most likely be 
w orth attem pting, sińce several amylases w ith  d ifferen t specificities are 
known. A ttention should be drawn, in this connection, to  a previous 
study in which a varie ty  of polynucleotides w ere em ployed for the  
purpose of distinguishing betw een nuclease enzym es of differing speci
ficities in tissue sections [9].

Procedurę for amylase

Preparation of substrate-film . A 13°/o soluble starch [4] solution was 
prepared, the starch being in itially  dissolved in cold w ater, which was 
then  heated to 90° w ith  constant stirring. The solution was cooled to 
betw een 40° and 50° and combined with an eąual volume of 10°/o Difco 
gelatin  1 a t the sam e tem peraturę. A bout 70 м-l. of th is w arm  m ixture  
was deposited uniform ly on a 25X25 mm. microscope slide by means 
of a m icropipette draw n rapidly  over the  glass surface. The slide w-as 
then  placed on a horizontal, cooled, glass plate, dried by  means of 
a current of air and then fixed in 10% form alin (unbuffered) at 4° for 
at least th ree hours. Following fixation, the film  was rinsed in running 
d istilled w,ater for 15 min. and once again dried in a s(tream  of air. 
Such films m ay be kept for about 3 days, following which they  become 
increasingly resistan t to enzymie hydrolysis. Even w hen stored under 
conditions of high hum idity, the film s w ere unsuitable after 4 days. 
The sensitivity of these starch films was tested by  ex<posure to a solu
tion of saliva.

1 A tten tio n  is d ra w n  to  th e  fac t, p re v io u s ly  em phasized  [9], th a t n o t a ll 
com m ercia lly  аѵаМаЫе g e la tin s  a re  su itab le .
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Tissue preparation. M aterials used w ere ra t pancreas and ra t parotid 
gland. F resh  frozen sections were cut a t a thickness of about 30 м on 
a Spencer freezing m icrotom e w ith a knife-cooling attachm ent, set up 
in a cold room at 4°. Subseąuent operations were sim ilar to those 
described by Daoust [2 , cf. 9]. W hen the sections were plaoed in contact 
w ith the  substrate  film, a ir bubbles w ere freąuen tly  found trapped  in 
the interface. Several tria ls  showed th a t this could be prevented by 
“b reath ing” on the surface of the section im m ediately prio r to depositing 
it on 'the film. Control sections free  of enzym e activity  w ere obtained 
by sim ply heating the tissue in boiling w ater.

Additional Controls w ere em ployed to exclude possible in terference 
by protease activ ity  on the gelatin  of the film, w ith resu ltan t гетоѵ аі 
of gelatin  and m odification in staining properties. For th is purpose 
starch-free gelatin  films were ineubated w ith fresh panereatie sections 
under conditions identical to those used for am ylase localization. The 
films w ere then  stained in alkaline toluidine solution (pH 10). Such 
ineubated film s showed only a slight, diffuse, discoloration of the  en tire  
surface, which iwould not sensibly in te rfe re  w ith  the staining p a tte rn  
following ineubation w ith amylase.

Ineubation. For pancreas sections, ineubation tim es varied from  9 
to 1 2  min. a t room  'tem peraturę. Because of the high am ylase actiVity 
of the parotid  gland, it was found m ore convenient in this case to incu- 
bate at tem pera tu res of 6 - 1 0 °  for periods of 20 - 25 min.

Staining of film s and sections. Substra te  film s w ere stained with 
norm al Lugol solution for 5 min., w ashed in running w ater and finally 
m ounted in glycerin w ith gelatin. The sta in  is not perm anent and, 
if it is desired to е х а т іп е  the preparation  after a lapse of several days, 
the  соѵег glass m ust be rem oved and the  film  stained anew. The tissue 
sections, m ounted on th e  gelatin blocks, were fixed and sta ined  as 
described by Daoust [2 ].

Localization. In  the pancreas (Fig. 1 ) the enzyme is localized in the 
secretory acini. The walls and lum ina of blood vessels, the in terlobular 
septa, and the islands of Langerhans, are devoid of enzym ie activity.

The parotid  gland (Fig. 2 ) exhibits am ylase activity in the secretory 
acini. The in terlobu lar septa are negative. The subm axillar nodes 
exhib it no activity. Control, heat-inactivated , sections w ere negative 
even a fte r 2  hr. ineubation.

Procedurę for hyaluronidase

Preparation o f substrate film s. The sodium  hyaluronate used was 
a gift of Prof. L. Rzucidło and was a comm ercial product of the W arsaw 
Serum  and Ѵассіпе Plant. It was dissolved in w ater a t a coneentration 
of 2.4 mg./ml. and the solution brought to pH 8  by addition of 0.1 n -
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-NaOH and !then  m ixed w ith  an equal volum e of 5°/o gelatin, the finał 
solution being again b rought to pH 7 - 8 .  The m ixture was then  w arm ed 
to about 40° and a film  prepared on a microscope slide w ith about 
70 mT, as described above for the am ylase substrate films. The film s 
w ere dried  in a  s tream  of a ir a t a tem peraturę  not exceeding 2 0 °. 
If the films are dried a t h igher tem peratures, they m ay subsequently 
exhib it a tendency to strip  away from  the glass surface on which they  
are  deposited. Following drying, the  films w ere fixed in 10% form alin 
a t 4° for about 18 hr., washed several tim es With distilled w ater, and 
finally  im m ersed for several m inutes in a 1% NaCl solution and again 
dried. Such films will keep for several days. Fixation of hyaluronate  
film s in buffered form alin resu lted  in a decreased in tensity  of staining 
w ith toluidine.

For orien tative purposes the hyaluronate  substra te  film  was exposed 
to testicu lar hyaluronidase so lu tion 2 a t a conceritration of 1 mg./ml. 
in 0.02 м-acetate buffer, pH 4.5, the  buffer solution alone serving as 
a control. Ineubation w ith hyaluronidase led to гетоѵ аі of hyaluronic 
acid, the control solution exhibi'ting no m odification in  stainability  
of the film.

C hondroitin  su lp h ate film s w ere  prepared in  an analogous m anner, 
u sin g  1% Solutions o f  com m ercial ch on d ro itin  su lp h ate  (L ight) and an  
eq u al v o lu m e o f 5%  aqueous gelatin .

Tissue sections. The m ateria ł used was the testis of adu lt rats. The 
sections w ere m ounted as for amylase, using the following gelatin 
m ounting blocks: for hyaluronic acid, a 12.5% gelatin  solution in 1% 
NaCl; for chondroitin sulphate, the sam e m ounting m edium  was 
employed, bu t b rought to pH 4.5 w ith 1 n-HCI before solidifying.

Control sections included testis inactivated by  heating in boiling 
w ater; and fresh kidney. The la tte r  was used in o rder to е х а т іп е  the 
possibility of some non-specific reaction of the  substra'te film w ith 
a fresh section containing no detectable hyaluronidase.

Ineubation. For hyaluronic acid, ineubation was for 40 - 50 min. a t 
20 - 22°  and 20-  25 min. a t 28°. For chondroitin sulphate, 1 - 1 . 5  hr. 
a t 28° was necessary.

Staining. The substrate films were śtained w ith 1% Solutions of 
toluidine blue at pH 6  for 15 min., and tissue sections as above for 
amylase.

Results. Identical localization patterns w ere obtained w ith  both 
substrates (Fig. 3 and 4). The testicu lar enzym e was found m ainly in 
the  concentric layer of cells adhering to the  inner surface of the base-

2 We a re  m d eb ted  to  M rs. F. R zen d o w sk a , o f th is  la b o ra to ry , fo r  th e  p re 
p a ra tio n  of h y a lu ro n id ase  acco rd in g  to  th e  m ethod  of M ad en av e itio  [6 ].
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F ig . 1. S ta rch  su b s tra te  film  exposed  
to  a  section  of r a t  p an c rea s  fo r 1 0  

m in. a t room  te m p e ra tu rę . N ote the 
n eg a tiv e  is lands of L a n g e rh an s  (a r- 

row s) (X 15)

Fig. 2. S ta rch  su b s tra te  film  exposed  
to a section  of r a t  pa ro tid  g land  fo r 

2 0  m in . a t 6 ° (X 2 0 )

F ig . 3. H y a lu ro n a te  su b s tra te  film  e x -  Fig. 4. C h o n d ro itin  su lp h a te  su b s tra te
posed  to  a sec tio n  of r a t  te s tis  fo r film  exposed  to  r a t  tes tis  sec tion  fo r

20 m in. a t 28° (X 20) 1 h r., a t  28° (X 20)
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[5] LOCALIZATION OF HYALURONIDASE AND AMYLASE 243-

m e n t m em branę. S bo rt e r incubation periods than  those indicated above 
re su lte d  in som ew hat g ranu lar localization patterns, suggesting concen
tra tio n  of the  enzym e in individual cells or clumps of cells. W ith 
pro longed  incubation, a positive reaction was obtained in the entire 
la y e r  of cells adhering d irectly  to the basem ent m em brane, w ith  some 
localization of the  enzym e in the tubule lumen. The enzyme appears to 
be m ost abundant in the cells adhering directly  to the basem ent mem
b rane , less so in the tubule  lumen; while the in term ediate layer, 
corresponding to sperm atocytes, shows relatively  Iow activity. The 
in te r tu b u la r  connective tissue, blood vessels and in terstitial cells are 
all negative. Control, heat-inactivated, sedtions, as well as fresh kidney 
sections, w ere negative even after 24 hr. incubation.

Controls for potential protease in terference w ere carried out as for 
am ylase. No gelatin  гетоѵ а і could be detected following incubation 
w ith  testis sections under conditions sim ilar to those for hyaluronidase 
localization. Prolonged incubation (2 hr.) did resu lt in some гетоѵ аі 
of gelatin  a t sites corresponding to in te rtubu lar connective tissue, but 
not a t all a t those sites corresponding to hyaluronidase activity.

Incubation times could be shortened, and localization patterns 
som ew hat improved, by increasing the gelatin concentration in the 
tissue supporfing blocks. Activation b y  NaCl was also observed, in 
agreem ent w ith th e  know n activating effect of NaCl on hyaluronidase 
ae tiv ity  in vitro  [7]. Slight acidification of the tissue supporting blocks 
resu lted  in a smali increase in the ra te  of hydrolysis of chondroitin 
sulphate; the failure to observe a sim ilar increase in activity  against 
hyaluronic acid m ay have been due simply to the fact th a t the la tte r 
substra te  was m ore rapidly attacked.

F inally , the  lack of any differences in localization for the tw o sub- 
s tra te s  cannot by any m eans be considered as conclusive, sińce the
p resen t m ethod affords only  gross histochemical, as contrasted to cyto-
chemical, localization.

SUMMARY

A m ethod is described for th e  gross histochemical localization of 
am ylase and hyaluronidase, based on the use of the film -substrate 
techniąue.

The localization of am ylase in ra t pancreas and parotid gland, and 
of hyaluronidase in ra t  testis, has been investigated. The results a re  
described.
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H IST O C H E M IC Z N A  L O K A L IZ A C JA  H IA L U R O N ID A Z Y  I AM YLAZY 
PR Z Y  U ŻY C IU  BŁO N  ZA W IER A JĄ C Y C H  SU B STR A T

S t r e s z c z e n i e

Opisano histochemiczną m etodę lokalizacji amylazy i hialuronidazy 
przez zastosowanie błon substratow ych. Przedstawiono lokalizację am y
lazy w trzustce i śliniance przyusznej szczura oraz lokalizację hialuro
nidazy w jądrze szczura.

R eceived  23 J a n u a ry  1962.
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MARIA GUMIŃSKA

STUDIES ON THE CRABTREE EFFECT

II. FACTORS INHIBITING AND ENHANCING THE CRABTREE EFFECT 
IN HUM AŃ NEOPLASTIC HeLa CELLS

D ep a r tm en t  o f  P hysiological C h em is tr y ,  M edica l School, K ra k ó w

The C rabtree effect, which is a characteristic  featu-re of the m eta- 
bolism of neoplastic cells, has been the subject of num erous investiga- 
tions carried ou t w ith  Ehrlich’s ascites tum our cells [17, 1 2 ]. The occur- 
rence of th is effect in cells derived from  tissue cultures, including not 
only neoplastic cells bu t also norm al cells adapted to growth on glass, 
was described in a previous com m unication [13].

The C rabtree effect was oonsidered from  the standpoint of the 
regulation of oellular respiration. According to Chance & W illiams 
[8 , 9] the regulation of cellu lar respiration is associated w ith oxidative 
phosphorylation in m itochondria. A deficiency of ADP as phosphate 
acceptor for oxidative phosphorylation inhibits the transfer of electrons 
in the resp irato ry  chain  of the m itochondria. Chance & Hess [6 , 7] 
obseryed th a t a fter adding glucose to ascites tum our cells suspension 
the respiration was stim ulated  for a very  brief period of time, lasting 
about 1 min., and a typical inhibition of oxygen consumption foliowed. 
They assum ed th a t  the  increase of oxygen consum ption was due 'to ADP 
being released in am ounts adeąuate  to stim ula te  the respiratory  chain 
of the m itochondria. A fter the stage of stim ulation the stores of ATP 
at the site of phosphorylation of glucose becarne exhausted. Since they 
could not be easily replaced by ATP regenerated  in m itochondria, the 
inhibition stage due to the lack of ADP developed.

Obyiously, a knowledge of certain  factors abolishing or enhancing 
the C rabtree effect m ight throw  some ligh t on the m echanism  of this 
phenomenon. This paper p resen ts the resu lts  of experim ents carried  
out w ith compounds associated w ith  the f irs t stage of sugar metabolism,
i.e. yarious simple sugars, insulin, sugar phosphates, ATP, and m ethy- 
lene blue which overcom es the C rab tree  effect in Ehrlich’s ascites
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tum our cells [20]. The experim ents w ere carried out w ith the HeLa line 
of cells derived from  cancer of the u terine сегѵіх. Some experim ents 
were also perform ed w ith E hrlich’s ascites tum our cells.

MATERIALS AND METHODS

A description of th e  medium, techniąue of cultivation of HeLa cells, 
p reparation of the m ateria ł for the  experim ents, and methods of estim a- 
tion of oxygen consumption, has been given in a previous comm unica- 
tion [13]. Ali the  reagents em ployed as substra tes were of analytic 
grade. The following substra tes w ere studied: glucose (“M otor”, Poland), 
fructose (Pfanstiehl), m annose (B. D. H.), galactose (Merck), ribose, 
glucose-6 -phosphate and fruc to se -l,6 -diphosphate calcium salt (Light). 
The last one was dissolved in dilu te acetic acid, and calcium ions w ere 
precipitated  by an equivalen t am ount of sodium oxalate. The solution 
of fruc to se-l,6 -diphosphate also served for preparing  a m ix ture  of phos- 
phoglyceraldehyde and phosphodihydroxyacetone under the influence 
of aldolase (К. a. K. Laboratories Inc.). To 10 ml. of 30 mM-fructose-1,6- 
-diphosphate solution 0.1 mg. of aldolase was added. Crystalline insulin 
(Tarchomińskie Zakłady Farm aceutyczne, Poland), crystalline ATP 
(Light) and m ethylene blue (B.D.H.), w ere also used. The finał concen- 
tra tion  of sugars in the incubation m ixture was 10 т м .  In the control 
experim ents only K rebs-R inger phosphate bu ffe r was added instead 
of substrate.

D eterm inations of sugar utilization by the suspensions of HeLa 
cells w ere m ade b y  the m ethod of Somogyi & Nelson [21, 18]. The 
num ber of cells in the studied suspensions was determ ined by counting. 
in a B iirker haem acytom eter.

RESULTS

The endogenous resp iration  of HeLa cells am ounted to 10.7 mL O2  

per 10° cells per hr. The effect of d ifferen t substances on the resp iration  
is shown in Table 1. Only three simple sugars elicited the C rabtree 
effect, nam ely glucose, causing a decrease of oxygen consumption to
8.2 (Lii., fructose (9.2 ul. CL) and m annose (9.1 ul. 0 2). Galactose did not 
affect endogenous respiration, and ribose even had an activating effect 
(12.6 ul. 0 2). The reason for these differences m ay lie e ither in the 
d ifferen t ra tes  of phosphorylation of the sugars, o r in the d ifferen t ra te s  
of their penetration  into the cells.

The ra te  of penetration  of sugar into the cells is influenced, among 
others, by insulin [19, 2 2 ]. The C rabtree effect was increased w hen 
the experim ents were perform ed in the presence of insulin and glucose
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(Table 1). This effect was also confirm ed in the  experim en(ts w ith 
E hrlich’s ascites tum our cells in which oxygen consumption w as dim ini- 
shed from 13.5 to 4.8 м-l. w hen insulin was added together w ith  glucose 
This m arked decrease of oxygen consum ption was probably due to an 
increased ra te  of supply of glucose to the cells, although phosphoryla- 
tion of sugar could also play a role.

T a b l e  1

О худеп consum ption by neoplastic HeLa cells w ith  uarious substrates

H eL a  cells w e re  su sp en d ed  in  K re b s -R in g e r  p h o sp h a te  b u ffe r , pH  7.4. S u b s tra te s  
d isso lved  in  th e  sam e b u ffe r  w e re  in tro d u ced  fro m  th e  s id e -a rm  a f te r  20 m in. 
in cu b a tio n . T he re s u lts  r e p re s e n t m ean  v a lu e s  of oxygen  co n su m p tio n  in ul. 0 2 
p e r  106 cells p e r  h r. d u rin g  th e  f i r s t  20 m in . and  a f te r  1 and  2 h r. of in cu b a tio n

Number Finał ц\. O2/IO6 cells/hr.

Substrate o f deter- concn. Time o f incubation (min.)
minations fmM) 0—20 20— 60 60— 120

Endogenous respiration 
(control) 16 12.7 10.7 8.8

G lucose 16 10 8.2 7.6
Fructose 4 10 9.2 8.2
M annose 4 10 9.1 8.6
Galactose 4 10 10.5 9.3
Ribose 4 10 12.6 10.8
Glucose +  insulin (0.1 unit) 4 10 4.6 5.4
Glucose-6-phosphate 4 10 9.5 8.4
Fructose-1,6-diphosphate 4 10 10.1 8.9
Fructose-l,6-diphosphate +  aldolase 4 10 10.4 8.9
ATP 4 1 10.9 10.3
Glucose

+ A T P 4
10

1 13.5 13.5

Methylene blue 10 6.6 x  10- 4 9.2 9.2
Glucose

+  methylene blue 10
10

6 .6 x 1 0 -4 18.2 30.9

To ascertain  w hether 'the phosphorylation of sugars influences the 
C rabtree effect, suspensions of HeLa cells w ere  incubated w ith  phospho- 
ry la ted  sugars (Table 1 ). Phosphate esters did not stim ulate the respira- 
tion, but neither did they inhibit i't like glucose. Inhibition of oxygen 
consum ption by glucose-6 -phosphate was m uch w eaker (9.5 м-l. 0 2) than 
by glucose itself (8 . 2  м-l. 0 2), and fru c to se -l,6 -diphosphate produced 
alm ost no change in endogenous resp iration  (10.1 p!  0 2). The m ixture 
of two phosphotrioses form ed from  fructose-1 ,6 -diphosphate also failed 
to inhibit oxygen consumption.

http://rcin.org.pl



248 M ARIA GUMIŃSKA [4]

For a correct in te rp re ta tion  of these results it was necessary to 
ascertain  w hether the phosphate esters  of hexoses failed to elicit the 
C rabtree effect because 'they were not assim ilated by the cells, or 
because their mode of action w as differen t from  th a t of glucose so 
th a t they  could not disturb  the  eąuilibrium  of adenylic nucleotides. 
U tilization of phosphorylated sugars ineubated w ith cells was therefore 
determ ined and com pared w ith the utilization of glucose (Table 2 ). 
I t  may be seen th a t phosphate esters of hexoses were utilized by HeLa 
cells even  in larger ąuan tities  than  glucose, w ithout inhibiting oxygen 
consumption. This indicates th a t the  C rabtree effect is indeed connected 
w ith the phosphorylation of sugars, and tha t its occurrence m ay be 
due to the reactions preceding the form ation of fruc to se-l,6 -diphosphate 
in which two ATP are used for one molecule of sugar. So the C rabtree 
effect w ould be connected w ith a local exhaustion of ATP, resulting  
in dim inished production of ADP and lowered oxygen consumption.

T a b l e  2

U tilization of some sugars by HeLa cells 
T he co n cen tra tio n  of su g a rs  in  th e  in eu b a tio n  m ed ia  w as 10 т м

Substrate Utilization o f sugar 
(/«mole/106 cells/hr.)

Glucose 0 .9 - 1.4
G1 ucose-6-phosphate 1.5- 1.9
Fructose-1,6-diphosphate 2 .0 -2 .3

In accordance w ith the  hypothesis of Chance & Hess [5] ano ther 
experim en t was perform ed in the  presence of ATP, or ATP w ith  
glucose (Table 1). ATP alone did not affect the endogenous respiration 
of HeLa cells (10.9 m-1. 0 2), bu t in the  presence of ATP and glucose the 
consum ption of oxygen was m arkedly  inereased (13.5 ці. 0 2). Not only 
w as the C rabtree effect оѵегсоте, bu t the respiration was activated.

A sim ilar although w eaker effect was observed on E hrlich’s ascites 
tum our cells, particu larly  w hen the  concentration of ATP was not less 
than 1 т м  per 20Х10 6 cells. Sm aller concentrations of ATP (1 т м  per 
40 X I O6  cells) did not оѵ егсоте the C rabtree effect.

It can be supposed th a t the adtiyation of respiration by ATP and 
glucose is connected w ith  the release of ADP which activates the respi
ra to ry  chain in the  m itochondria. The electrons from  the substrate  can 
by-pass the  m ain electron  pathw ay  ii they find some other acceptor 
than  oxygen. M ethylene blue is such an acceptor causing oxidation of 
substra tes by acoepting electrons. If the decrease of resp iration  in the  
presence of glucose is connected in some way with the resp irato ry  chain
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then  m ethylene blue can be expected to оѵегсоте this effect. The 
resu lts  of the experim ent in which suspensions of HeLa cells were 
ineubated w ith m ethylene blue alone o r m ethylene blue and glucose 
are shown in Table 1.

Respiration was not stim ulated  by m ethylene blue alone, the oxygen 
consum ption being even slightly  inhibited (9.2 m1. 0 2). On the o th e r hand, 
m ethy lene blue together w ith glucose not only оѵ егсате the Crabtree 
effect but even strongly stim ulated  the resp irato ry  activity (18.2 мі. 0 2). 
This experim ent dem on^trated th a t the Crabtree effect is oonnected 
not only w ith the phosphorylation of sugars, but also indirectly  with 
the resp iratory  chain.

DISCUSSION

The observation indicating th a t only some of the simple sugars 
are able to inhibit oxygen consumption in Ehrlich’s ascites tum our 
cells [17, 20] was confirm ed on cells derived from  tissue cultures. Sugars 
w ith  a sim ilar fate in the  cells, nam ely glucose, fructose and mannose, 
e licited the C rabtree effect while galactose and ribose failed to do so. 
These results supplem ent the  findings of Eagle et al. [1 1 ] who found 
th a t for HeLa cells, besides glucose, only fructose, maltose and m an
nose can be used as sources of energy for growth and reproduction. 
Galactose cannot be em ployed for this purpose, and ribose enhances 
the grow th of only some strains of the HeLa cells.

For several years the  C rabtree effect has been studied and variously 
in terpreted . The view th a t it is connected w ith a deficiency of inorganic 
phosphate in the cells m ay be neglected sińce phosphate can penetrate  
ijnto the cells from the m edium  [23, 15]. The results of the experim ents 
w ith  iodoacetate and 2-deoxyglucose [14, 24] contradict the  view  that 
the  C rabtree effect is connected w ith acidification of the in tracellu lar 
m edium  [3, 1 0 ]. It seems, therefore, th a t the C rabtree effect originates 
a lready during the firs t stages of sugar metabolism, i.e. the penetration  
of sugars into the cells o r their phosphorylation, and not during the 
la te r  stages, e.g. the production of lactic acid.

This assum ption is supported by the experim ents on the influence 
of insulin on the incidence of the C rabtree effect. The influence of 
insulin  on sugar m etabolism  can be a ttr ib u ted  to th ree  d iffe ren t me- 
chanisms, among which particu lar im portance is a ttribu ted  to the 
action of insulin on the perm eability  of celi m em branes and the 
phosphorylation of sugars [2 2 ]. If the C rabtree effect is connected w ith 
a t least one of these m echanism s, then the increase of the effect in the 
presence of glucose and insulin becomes elear. The influence of insulin 
on the intensity  of the  C rabtree effect has not been investigated so far; 
several authors [2 , 16] have only described an increase of resp iration
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in  some norm al tissues in  the presence of glucose and insulin. The 
presented experim ents indicate tha't the  C rabtree effect is very  strongly 
enhanced in the  presence of insulin. Thus it seems th a t e ith e r 'the pene- 
tra tion  of sugar through the celi walls, o r its phosphorylation are 
decisive for the  appearance of the effect.

The im portance of phosphorylation for the appearance of the Crab- 
tree  effect is shown by the fact th a t phosphate este rs  of sugars do not 
elicit the C rabtree effect. Brin & McKee [4] in experim ents on Ehrlich’s 
ascites tum our cells also noted a lack of inhibition of oxygen consump- 
tion by phosphate esters of hexoses, which they  a ttribu ted  to the  poor 
assim ilation of these esters. The presented experim ents, however, show 
th a t the  sugar esters  disappear from  the m edium  w here HeLa cells 
are present. These data  suggest th a t the C rabtree effect is connected 
w ith  reactions preceding th e  form ation of fru c to se -l,6 -diphosphate and 
w ith  the phosphorylation of sugars.

This assum ption is also supported by the resu lts of experim ents on 
HeLa cells w ith added glucose and  ATP. The addition of ATP alone 
did not change the endogenous respiration, bu t ATP together with 
glucose not only оѵ егсате  the C rabtree  effect bu t even stim ulated  the 
respiration. B rin & McKee [4] in analogous experim ents w ith ascites 
tum our cells did not notioe any influence of ATP on the Crabtree 
effect. The only possible explanation of this discrepancy is the much 
g rea ter in tensity  of the Crabtree effect in ascites tum our cells as com- 
pared  w ith HeLa cells, and a more difficult inhibition of the  phenome- 
non. In fact, /using g rea ter concentrations of ATP it was possible to 
abolish the C rabtree effect also in ascites tum our cells.

I t  is possible th a t ATP enters into reactions on the surface of cells. 
By taking p a rt in the phosphorylation of sugars on the celi surface ATP 
m ight spare the in tracellu lar stores of ATP; or, ATP m ight be decom- 
posed by A TPase p resent in the celi w ali into products more easily 
pene tra ting  into the  celi and activating the respiration. Acs et al. [1 ] 
dem onstrated  th a t in neoplastic cells alm ost all ATPase activity is 
located in  the celi wali. However, sińce the addition of ATP alone, 
w ithou t glucose, does not change the endogenous respiration, it can 
be assum ed th a t the activation of resp iration  depends on the presence 
o f  glucose, probably by way of phosphorylation. Inclusion of exogenous 
A TP into the reaction of phosphorylation of glucose could also spare 
the  in tracellu lar stores of adenylic nucleotides besides releasing certain 
amourits of ADP for the aetivation of respiration.

The experim ents of Chance & Hess [5, 6 , 7] on the C rabtree effect 
in  ascites tum our cells and their conclusions are of particu lar interest. 
According to  these w riters  the  first brief stage of stim ulation of respira
tion  is a resu lt of phosphorylation of glucose w ith liberation of ADP,

http://rcin.org.pl



[7] THE CRABTREE EFFECT. II. 251

which, on penetrating into m itochondria, activates the resp ira to ry  chain. 
The affinity  of ATP to m itochondria, according to this view, is so great 
tha t glycolysis can not соре w ith  it. The stage of inhibition which 
follows the phase of stim ulation is a ttribu ted  to the reten tion  of ATP 
in the m itochondria and to a dim inished supply of ADP to the  m ito
chondria for fu rther oxidative phosphorylation. The supply of ADP 
to m itochondria m ust be balanced by the transfer of ATP from  the 
m itochondria to 'the cytoplasm  w here the  phosphorylation of sugars 
takes place. W hen the restoration of ATP to the cytoplasm  is ou tbalan- 
ced by the flow of ADP into the  m itochondria, the addition of exo- 
genous ATP m ay restore the  balance.

The fadt th a t the C rabtree effect is оѵ егсоте by the addition of 
ATP to the medium  supports the  view  of Chance & Hess and also the 
assum ption th a t the appearance o f the C rabtree effect is connected 
w ith the phosphorylation of sugars. N evertheless, th is is not the  only 
mechanism initiating th e  C rabtree effect. Some of the data, e.g. from  
the experim ents w ith m ethylene blue, seem to indicate th a t the starting  
point of the effect m ay He in the resp ira to ry  chain. The sam e can be 
inferred  from  experim eńts by au thors who studied the agents uncoupling 
the oxidative phosphorylation [14, 5, 6 ].

The A uthor is g ratefully  indebted to Prof. Dr. B. Skarżyński for 
valuable advice in the course of experim ents. The A uthor wishes to 
thank Prof. Dr. Z. Przybyłkiew icz and Dr. J. Borysiewicz for the  oppor- 
tun ity  to perform  the experim ents on tissue cultures a t the  D epartm ent 
of Medical Microbiology of the Medical School in Kraków.

SUMMARY

The Crabtree effect was studied on hum an neoplastic HeLa cells 
from  tissue cultures. Besides glucose, fruetose and m annose elicited 
this effect. No influence of galactose and ribose was observed. Insulin 
enhanced the effect of glucose. G lucose-6 -phosphate, fru c to se -l,6 -d i- 
phosphate and a m ixture  of phosphotrioses w ere w ithout effect. Pho- 
sphate esters of hexoses w ere utilized by the cells.

ATP alone had no effect on endogenous resp iration  but together 
w ith  glucose m arkedly increased the  oxygen consumption. M ethylene 
blue alone inhibited, bu t in the presence of glucose m arkedly  enhanced 
the respiration.

It is concluded th a t the C rabtree effect is initiated  by the penetra- 
tion  of sugar into the celi and its phosphorylation. This stage is con
nected w ith the resp irato ry  chain through the adenylic nucleotides.
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B A D A N IA  NAD E FEK T EM  CRA B TR EE
II. CZYNNIKI HAMUJĄCE I WZMACNIAJĄCE EFEKT CRABTREE  

W KOMÓRKACH NOWOTWORU LUDZKIEGO HeLa

S t r e s z c z e n i e

B a d a n o  e f e k t  C r a b t r e e  w  k o m ó r k a c h  n o w o t w o r u  l u d z k i e g o  H e L a ,  
p o c h o d z ą c y c h  z  h o d o w l i  t k a n k o w e j .  Z u ż y c ie  t l e n u  h a m o w a ł a  g l ik o z a ,  
f r u k t o z a  i m a n n o z a ;  g a l a k t o z a  i r y b o z a  n i e  m i a ł y  w p ły w u .  I n s u l i n a  
p o d a n a  w r a z  z g l i k o z ą  z n a c z n ie  z w ię k s z a ł a  e f e k t  C r a b t r e e .  G l ik o z o -  
- 6 - f o s f o r a n ,  f r u k t o z o - l , 6 - d w u f o s f o r a n  i m i e s z a n i n a  f o s f o t r io z  n i e  w y w i e 
r a ł y  w p ły w u  n a  o d d y c h a n ie ,  m im o  ż e  b y ł y  z u ż y w a n e  p r z e z  k o m ó r k i .

A T P  p o d a n y  s a m  n ie  z m i e n ia ł  o d d y c h a n i a  e n d o g e n n e g o  k o m ó r e k ,  
p o d a n y  w r a z  z  g l i k o z ą  z w ię k s z a ł  z u ż y c i e  t l e n u .  B łę k i t  m e t y l e n o w y  
h a m o w a ł  o d d y c h a n ie ,  le c z  w  o b e c n o ś c i  g l ik o z y  b a r d z o  z n a c z n i e  z w ię k 

s z a ł  z u ż y c i e  t l e n u .
P r z e p r o w a d z o n e  d o ś w ia d c z e n ia  w s k a z u ją ,  ż e  m o m e n te m  z a p o c z ą t k o 

w u j ą c y m  e f e k t  C r a b t r e e  j e s t  w n ik n ię c i e  c u k r u  d o  k o m ó r k i  i j e g o  f o s f o 
r y l a c j a .  E t a p  t e n  w ią ż e  s ię  z ł a ń c u c h e m  o d d e c h o w y m  p o p r z e z  n u k l e o t y d y  

a  d e  n i lo w e .
R eceived  2 F e b ru a ry  1962
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A COMPARISON OF CHEMICALLY AND ENZYMICALLY PREPARED 
Se-ADENOSYLSELENOMETHIONINE

L a b o ra to ry  o f  N u tr i t iona l B io chem is try ,  D e p a r tm e n t  o f  A gricu l tura l  T echnology,
College of A g r icu l tu re ,  Poznań

In  1957 Mudd & Cantoni [17] found th a t during incubation of 
DL-selenomethionine w ith  the enzym e activating m ethionine, adenosine 
triphosphoric acid and pyrophosphatase, a selenium  analogue of active 
m ethionine is probably form ed, nam ely (-)Se-adenosyl-L-selenomethio- 
nine.

However, the enzymie synthesis of active selenom ethionine and the 
dem onstration of its activity in transm ethylation  [2, 17] are not suffi- 
cient proofs of its structure . To confirm  the Chemical struc tu re  of 
active selenom ethionine a method of Chemical synthesis of th is  com- 
pound was developed [27]. In this paper some of the physico-chemical 
properties and the  activity  of the Chemical preparation as a donor of 
m ethyl groups, were com pared w ith the preparation  obtained by the 
enzym ie m ethod according to M udd & Cantoni [17]. Confirm ation of the 
s tru c tu re  o f active selenom ethionine as an analogue of active m ethionine 
[4] is of considerable in terest in studies on the m etabolism  of bio- 
logically ac'tive selenium analogues of sulphur amino acids and on the 
role of selenium  as tracę elem ent in living organism s [22, 24, 25].

METHODS

Se-adenosyl-5 '- d l . -selenom ethionine. This compound was synthesized 
by an adaptation of the m ethod of Chemical preparation of active me
thionine [27]. The product was stored a t -30°.

E nzym ie synthesis of active selenomethionine. The m ethod of Mudd 
& Cantoni [17] was used. DL-Selenomethionine obtained according to 
P a in te r [19] w as ineubated for 3 hr. at 37° w ith the enzym e activating 
m ethionine, and ATP. Active selenom ethionine was isolated as rei- 
neckate, purified  according to De la Haba & Cantoni [7], and after 
lyophilization stored at -30°.
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The enzym e aćtivating m ethionine was obtained from fresh yeast 
(Saccharomyces cerevisiae) and pu rified  according to M udd & Cantoni 
[18]. Its activ ity  was m easured a fte r Cantoni & Durell [5] by estim ating 
a t 260 rmi the am ount of active m ethionine form ed from  L-methionine.

Estim ation of adenine and pentose. In preparations of active seleno- 
m ethionine dissolved in tris buffer, pH 5, the extinction was m easured 
a t 260 mii. M olar extinction of adenine was assum ed to be 16 X 103. 
Pentose was estim ated by  the m ethod of M ejbaum  [13] as modified by 
W aldvogel & Schlenk [29] employing an aąueous solution containing 
0.065 ц то іе  of active selenom ethionine, and m aking the colorimetric 
m easurem ents a t 660 m^. The am ount of pentose was calculated from 
a standard  curve for D-ribose (La Roche Co.).

Estim ation of selenium  and nitrogen. Selenium  was estim ated  by the 
m ethod of G ortner & Lewis [1 0 ] w ith  codeine sulphate. Sam ples of 
active selenom ethionine were digested w ith conc. H2 SO/t (free of sele
nium) and a fte r reaction w ith codeine sulphate exam ined colorim etrically 
a t 570 min. The selenium  content was calculated from a calibrated  curve 
p lo tted  for selenium  (Merck) Solutions in concentrations from 0.05 to
0.6 mg. Se/100 ml. N itrogen was assayed by the K jeldahl m icro-m ethod 
according to Ma & Znazaga [11].

Oxidation w ith  HIO,t and reaction w ith  S c h iffs  reagent. A solution 
of HIO 4 was prepared by dissolving 0.5 g. of paraperiodic acid (Н5 Ю6) 
in 100 ml. H20  [26]. To 2 ml. of HIO 4 solution one drop of conc. HNO3 

was added, followed by one drop of aąueous solution of active seleno
m ethionine. The m ixture was agitated  during 1 0 -1 5  sec., and 1 - 2  drops 
of 3%  aąueous solution of A gN 0 2 were then added. Form ation of 
a w hite  precipitate of A gI0 2 indicated the oxidation of active seleno
m ethionine; AglO/, is readily  soluble in HNO3 , w hereas the solubility 
of AgI0 3  is negligible. The oxidation product of active selenome!thionine 
gave a positive reaction w ith S ch iffs  reagent [30].

R f values. Chrom atographic analysis of the preparations of active 
selenom ethionine (арргох. 6  ng.) was perform ed on W hatm an no. 1 
f ilte r  paper by the ascending techniąue. The chrom atogram s were 
developed according to Parks [20] in a m ix tu re  of ethanol - acetic acid - 
- w ater (65 : 1 : 34, by vol.) a t room tem peraturo , during 16 - 18 hr.; after 
drying at 4 0 - 50°, the spots w ere  localized with 0.3% solution of ninhy- 
d rin  in anhydrous acetone.

Paper electrophoresis. A sam ple of an aąueous solution containing 
1 0  umoles of active selenom ethionine w as applied in the m iddle of 
a strip  of W hatm an no. 4 filte r paper. E lectrophoresis was carried out 
according to M arkham  & Sm ith [12] em ploying acetate buffer, pH 7.0, 
and a cu rren t of 200 V during 3 hr. The electrophorogram s w ere stained 
w ith  0.3% solution of n inhydrin  in anhydrous acetone. By developing
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the electrophorogram s after d ifferen t in tervals of time, the  electro- 
phoretic mobility of the preparation was determ ined.

Acid and alkaline hydrolysis and identification of the products of 
decomposition. Acid hydrolysis of active selenom ethionine ( 1 0  t^moles) 
was carried  ou t in 20 ml. of 0.1 n-HCI a t 100°, under reflux over 2 hr. 
The hydrolysate was then  concentrated under reduced pressure ( 1 2  mm. 
Hg) until nearly  dry; the residue was trea ted  w ith 2 ml. w ater and 
concentrated again. The residue was dissolved in 2  ml. of 1 0 %  aąueous 
solution of isopropanol containing 2 - 3  drops of conc. HCl. Portions of 
10 m-1. were chrom atographed as before. The chrom atogram s w ere stained 
w ith an acetone solution of Cu(NO ;t) 2 according to Bode [1 ].

The hydrolysis w ith 0.1 N-NaOH was carried out in conditions ana- 
logous to acid hydrolysis except th a t the  concentrated hydro lysate was 
neutralized w ith solid versenic acid (B.D.H.) to со тр іех  the sodium 
ions, the  presence of which is unfavourable for chrom atographic sepa- 
ration.

Identification of the products of hydrolytic decomposition of active 
selenom ethionine was carried out by comparing their R f values w ith 
those of parallelly  chrom atographed standards of adenine (B.D.H.), 
DL-homoserine (Schwartz Lab. Chem.), and DL-selenomethionine (prepared 
chemically). A denine was identified on the chrom atogram s according 
to G erlach & Dóring [9], and amino acids w ith ninhydrin.

Absorptkm  spectrum  in ultrauiolet light. The spedtrum  of active 
selenom ethionine was determ ined in a Unicam SP-500 spectrophotom eter 
using a 6.0 X 10"r- m solution in universal tris  buffer, pH 7.0 [6 ].

Transm ethylation actiuity. The adtivity of active selenom ethionine as 
a donor of m ethyl groups was determ ined by m eans of the enzymie 
reaction in which nicotinam ide was the acceptor. S-Adenosylm ethio- 
nine : nicotinam ide m ethyltransferase was isolated from  ra t Ііѵег and 
purified according to Cantoni [3]. The ex trac t of this enzym e contained
27.2 mg. protein per 1 ml. of 0.015 м-tris  buffer, pH 7.4.

The reaction m ix ture  consisted of 2 . 6  м-moles of MgCl2 (chemically 
pure), 0.2 ml. of enzym ie ex tract, 1.04- 0.72 ц то іеа  of active seleno
m ethionine, and 1.3 mnoles of nicotinamide. The volume of the  m ix ture  
w as brought to 1 ml. w ith 0.015 м-tris  buffer, pH 7. A fter 30 min. 
ineubation at 38° the  reaction was stopped by adding 1.5 ml. of 7% 
solution of НСЮ4. The m ix ture  was centrifuged and the am ount of 
unreacted active selenom ethionine in the supernatan t was determ ined. 
Samples of the solution (1 -1 .5  ml) were applied on a Dowex 50 X 8  H + 
(100-200 mesh, Dow Chem. Co.) column, 7 mm. in diam eter, containing 
a 3 cm. layer of resin  treated  previously according to Stein [28]. The 
column was washed a t 0° w ith  2 n -H 2 S 0 4 until the extinction of the

Dl
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eiuate at 256 т м  fell below 0.01. U nder these conditions Se-adeno- 
sylselenohomocysteine, among others, 'was rem oved from  the  column. 
Active selenom ethionine was next e lu ted  w ith 6  N-H2 SO4 . Like active 
m ethionine [23], the  selenium  analogue was eluted alm ost at once. The 
extinction of the effluerit a t 256 т м  was checked; and the fali of extinc- 
tion helów 0.02 indicated the end of elution. In 'the 6  N-H2 SO4 fraction 
the concentration of active selenom ethionine was determ ined at 260 т м  
(EM 16 X 103).

RESULTS AND DISCUSSION

The supposition of M udd & Cantoni [17] th a t a selenium  analogue 
of active m ethionine is form ed enzym ically from  selenom ethionine and 
ATP, was confirmed.

T a b l e  1

Characteristics of Se-adenosylselenom ethianine obtained by Chemical
or enzym ie synthesis

1 Preparation

Chemical Enzymie

Selenium (%) 17.59 17.64

Total nitrogen (%) 18.58 18.69

Adenine to pentose ratio 1.09 1.07

; Oxidation with HIO4 and reaction with Schiffs positive positive
reagent

Mobility in paper electrophoresis, pH 7
(cm.hr._1/v.cm ._1) 0.4 0.4

Products o f acid hydrolysis adenosine adenosine
homoserine homoserine

Products o f alkaline hydrolysis adenine adenine
homoserine homoserine
selenomethionine selenomethionine

М а х іт и т  absorption in UV 260 m/i 260 m/i

The da ta  presented in Table 1 show that the enzymie preparation 
of active selenom ethionine and chem ically synthesized Se-adenosyl- 
-5 '-selenom ethionine possess identical properties. W ithin !the  limits of 
e rro r of the  m ethods used, assays of selenium  and nitrogen gave results 
coinciding w ith the theoretical conterit. The m olar ratio  of adenine to 
pentose (1 : 1 ) constitutes fu rth e r confirm ation of the stru c tu re  of the 
enzym ically obtained active selenom ethionine. Both preparations gave 
positive reactions w ith HIO 4 and Schiff’s reagent. As a resu lt of oxida- 
tion w ith HIO 4 the  carbonyl group was obviously form ed a t the  sensitive
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point in the molecule (C-5' and the center of 'the selenonium configura- 
tion), sińce the oxidation product reacted  with S ch iffs  reagen t which 
is selective for carbonyl groups. This perm its to conclude th a t in the 
molecules of both preparations of active selenom ethionine th e  amino 
acid is ideritically bound w ith C-5' of the  nucleoside part.

P aper chrom atographic analysis showed that the enzymie and Che
mical preparations of active selenom ethionine possess identical R f values. 
They also have the same electrophoretic m obility (0.4 cm .hr.^ /y .cm .'1). 
The ra te  of m igration of active selenom ethionine tow ard the cathode 
indicates strong electrophilic properties of this compound.

F u rth e r proof confirming the Chemical structu re  of active seleno
m ethionine as an analogue of adtive m ethionine was obtained by  iden- 
tification of 'the products of acid and alkaline hydrolysis of both pre
parations. Paper chrom atography of the  hydrolysates showed in  both 
cases the sam e products of decomposition; the acid hydrolysate con- 
tained adenine and homoserine, and the alkaline hydrolysate adenine, 
hom oserine and selenom ethionine. According to data from 'the litera tu rę  
[14, 21] under analogous conditions of hydrolysis active m ethionine 
gives the same products, w ith the addition of S-m ethylthioadenosine, 
in 'the acid hydrolysate. Because of the  lack of a standard  of Se-m ethyl- 
selenoadenosine th is compound was not identified. It was fu rth e r found 
tha t the  chem ically and enzym ically obtained active selenom ethionine 
have identical absorption spectra in UV light w ith a m axim um  a t 260 mu. 
The spectrum  did not differ from  th a t of active m ethionine analysed 
under th e  same conditions.

T a b l e  2

Transm ethylation activ ity  of enzym ie and Chemical preparations of
active selenom ethionine

T he in eu b a tio n  m ix tu re  con ta in ed  m e th y ltra n s fe ra se  p re p a re d  fro m  ra t  Ііѵег, 
ac tive  se len o m eth io n in e  as donor, and  n ico tin am id e  as accep to r of m e th y l g roups. 
T ech n ica l de ta ils  a re  d escrib ed  in  M ethods. T he v a lu e s  a re  m eans of th ree

p a ra lle l d e te rm in a tio n s

Active selenomethionine Activity o f Chemical

Added
(/imoles)

Utilized (/nnoles)
preparation 

(% o f activity of 
enzymie preparation)Enzymie preparation Chemical preparation

1.037 0.392 0.202 51.5
0.905 0.373 0.179 47.9
0.875 0.553 0.288 52.1
0.812 0.651 0.329 50.5
0.716 0.707 0.347 49.1
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According to M udd & Cantoni [17] selenom ethionine, like m ethionine, 
is a donor of m ethyl groups. The transm ethylating  activity of both 
preparations is shown in Table 2 . The enzym ically prepared active 
selenom ethionine w as two tim es m ore active as a donor of m ethyl 
groups than  the Chemical product. It seems very  probable tha t the 
m ethy ltransferase  of nicotinam ide is selective for only one form of 
diastereoisom eric active selenom ethionine, nam ely the one which is 
form ed enzym ically. From  'the chem ically obtained racem ate probably 
only  one optical antipoda (L-form) is involved in the  transm ethylation. 
These suggestions are supported  by the results of studies on th e  trans
m ethy lating  activity  of d iffe ren t isomers of active m ethionine [8 , 15, 16] 
w hich showed th a t only the  isom er (-jS-adenosyl-L-m ethionine is a donor 
of m ethyl groups in anim als, p lan ts and m icroorganisms.

SUMMARY

Enzym ically and chemically obtained preparations of active seleno
m ethionine w ere compared. Content of selenium, nitrogen, ribose and 
adenine w ere found to be identical. The R f value in paper chrom ato
graphy, the  m obility in paper electrophoresis, the  u ltrav io let spectrum , 
and the products of acid and alkaline hydrolysis w ere the same.

D uring enzymie m ethylation of nicotinam ide the enzymie p repara
tion was two tim es m ore aetive as a donor of m ethyl groups than  the 
Chemical produćt. This is explained as being due to the specificity of 
m ethy ltransferase  for the  L-form  of active selenom ethionine.
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PO R Ó W N A N IE SY N T E TY C ZN E J S e - A D E N O Z Y L O SE L E N O M E T IO N IN Y  
ZE Z W IĄ ZK IE M  O TRZYM AN YM  EN ZY M A TY CZN IE

S t r e s z c z e n i e

Porównano prepara t aktyw nej selenom etioniny otrzym anej enzym a
tycznie z preparatem  syntetyzow anym  chemicznie. Stw ierdzono taką 
samą zawartość selenu, azotu całkowitego, rybozy i adeniny. W artości R f  
w chrom atografii bibułowej, ruchliwość w elektroforezie bibułow ej, 
widmo spektralne w ultrafiolecie i p rodukty  hydrolizy kw aśnej oraz 
zasadowej były identyczne.

Natom iast w reakcji enzym atycznej m etylacji am idu kwasu nikotyno
wego preparat otrzym any enzym atycznie był 2  razy bardziej aktyw ny 
jako dawca grupy m etylow ej od p repara tu  otrzym anego chemicznie. T łu
maczy się to specyficznością m etylotransferazy dla l  -formy aktyw nej 
selenom etioniny.

R eceived  9 F e b ru a ry  1962
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M. W IEW lOROW SKI and J. AUGUSTYNIAK

STUDIES ON ŁUPIN PROTEINS 

V. C -TER M IN A L A M IN O  A CIDS IN  C O N G LU TIN  0

I n s t i tu te  o f B io ch em is try  and B iophysics ,  Polish A c a d e m y  o f  S c iences;  Dept. of  
G enera l C h em is try ,  School o f  Economics,  and Dept. o f  Organie C hem is try ,

U n ive rs i ty ,  Poznań

In the previous report [12] it has been shown th a t in the conglutin 0 
the glutam ic acids are the N -term inal amino acids, and some analogy in 
the  structu re  of all the polypeptide chains of conglutin 0 has been pointed 
out. This paper deals with the determ inations of C-term inal am ino acids 
by means of the  carboxypeptidase [5, 4] and hydrazinolysis [1, 8 ] m e
thods.

MATERIAŁ AND METHODS

Protein. The same preparation  of conglutin 0 isolated from  the  seeds 
of Lupinus angustifolius, in which N -term inal amino acids had been 
studied [12], was used. To confirm the hom ogeneity of the preparation, 
besides the previously reported  paper electrophoresis in ѵегопаі buffer, 
pH 8 .6 , additional paper electrophoresis in acetate buffer, pH 4.7, and 
phosphate buffer, pH 7.0, and im m unoelectrophoresis [Scheidegger, 9] 
w ere perform ed. The anti-conglutin  0 serum  was obtained from  rabbits 
injected in tram uscularly  w ith inereasing doses of l°/o conglutin 0 solu
tion. The injections were m ade during a fortnight, еѵегу second day 
w ith one w eek’s pause.

The results of all the tests indicated th a t the studied protein is 
homogeneous (Fig. 1, 2, 3).

Reagents. Carboxypeptidase crystallized 6  tim es was received as an 
aąueous suspension from  Prof. Dr. J. Pliwa, Prague. Smali am ounts of 
free  amino acids, especially serine and glycine, were found in the pre
paration. This could be due to partial autolysis which had probably 
occurred during transport.

A nhydrous hydrazine was distilled twice over NaOH, heated  for 
3 hr. w ith BaO under reflux and redistilled. Benzaldehyde was freshly

[2 6 1 ]http://rcin.org.pl



262 M. WIEW IÓROW SKI AND J. AUGUSTYNIAK [2]

Fig. 1. P a p e r  e le c tro - 
p h o re s is  of co n g lu tin  /?. 
(a), C rude  p re p a r a 
tion , (b), p u re  p re p a ra 
tion . A ce ta te  b u ffe r, 
I 0.25, pH  4.7, 10 v/cm , 

6 h r.

F ig . 2. P a p e r  e le c tro - 
iphoresis of con g lu tin  (i. 
(a), C rude  p re p a r a 
tion , (b), p u re  p re p a r a 
tion . P h o sp h a te  b u ffe r  
0 .0 5  m , p H  7.0 , 10 v/cm ., 

6 hr.

Fig. 3. Im m u n o e lec tro - 
p h o ro g ram  of co n g lu tin  
fi. P h o sp h a te  b u ffe r  
0.05 m , pH  7, 10 v/cm ., 

6 h r.

distiiled under reduced pressure. Fluoro-2,4-dinitrobenzene was L. Light, 
England; amino acids, La Roche, Sw itzerland; o ther reagents, Biuro 
O brotu Odczynnikami, Poland.

Am ino acids liberated by carboxypeptidase

Conglutin fi was dissolved in 25 ml. of NaHCOa and NaOH m ixture 
(10 ml. w ater, 1 ml. l°/o NaHCOs and 3 ml. 0.1 N-NaOH, adjusted to 
p il 8.0 w ith 0.1 n-HCI). The enzym e was dissolved a t 0 - 4° in the 
same m ixture. The am ounts of ineubated conglutin /? and carboxypepti- 
dase, time and tem pera tu rę  of the ineubation in individual experim ents 
are presented in Table 1. For amino acids analysis 5-ml. sam ples were 
taken and deproteinized w ith 10% (v/v) trichloroacetic acid (TCA). 
TCA was rem oved from the filtra te  by ex traction  w ith e th e r and the 
aąueous layer was concentrated under reduced pressure to about 0 . 1  ml.

Acidic and basie amino acids w ere identified by high voltage paper 
electrophoresis in pyridine buffer, pH 5.85 [Masłowski, 7]. The neutral

T a b l e  1

Conditions of hydrolysis of conglutin fi by oarboxypeptidase

Conglutin /3 
(mg.)

Enzyme
(mg.)

Temp. Time o f ineubation

102.6 1.6 250 1 2
(hours)

3 4 7
177.1 1.6 400 1.5 5.4 — — —

219.0 0.8 350 10 20
(minutes) 

| 40 70 120
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amino acids after elu tion from  the electrophorogram  were separated 
tw o-dim ensionally (Fig. 5) by a com bination of electrophoresis in асе ta te 
buffer, pH 2.0 [7] and paper chrom atography in butanol - acetic acid - 
- w ater ( 4 : 1 : 5 ,  by vol.). N eutral amino acids eluted from the  e lectro
phorogram  in pyridine buffer, were also hydrolysed for 3 hr. in  2  n-HCI 
at 120°. The acid was evaporated  under vacuum  and the hydrolysate 
subm itted  to electrophoresis. /

Quantitative analysis

Solution of 208.17 mg. of conglutin (25 ml.) was incubated w ith 
1.6 m£. of carboxypeptidase at 35°. A fter 1 , 2 , 3, 4 and 7 hr., res- 
pectively, 5-ml. samples w ere taken and deproteinized w ith  TCA.

DNP-amino acid applied on chromałognarn  
(pg. of free amino acid  )

Fig. 4. S ta n d a rd  cu rv es  fo r  am ino  acids d e te rm in a tio n  by  f lu o ro d in itro b en zen e  [6]. 
S ta n d a rd  Solutions of D N P -am in o  acids w e re  ch ro m ato g rap h ed  on p a p e r , e lu ted  

w ith  10 m l. of 1% ЗМаНСОз and th e  extinctk>n m easu red  a t 360 т ц  
S ta n d a rd  fu n c tio n s  eą u a tio n s :

A sp, E =  с X 0.0168 — 0.003 c/E  =  const. ±  1.31%
G lu, E =  с X 0.010 +  0.0058 c/E =  const. ±  14.63%
G ly, E  =  с X 0.0226 +  0.0026 c/E  =  const. ±  3.47%
G lu-N H o, E =  с X 0.0123 +  0.0312 c/E =  const. ±  2.18%
S er, E =  c X  0.0176 +  0.0029 c/E  =  const. ±  6.01%

E, E x tin c tio n  of a 2 cm. th ic k  la y e r ; c, co n c e n tra tio n  of D N P -am in o  ac ids (ц-g. 
p e r  10 ml.) ca lcu la ted  as f re e  am ino  acids.

Amino acids w ere determ ined as reported  by Levy [6 ]. 3 ml. of the 
filtra te  w as neutralized  w ith 1 N-NaOH; then  1 ml. N aH C 0 3 (8.4 g. in 
100 ml. w ater) and 1 ml. fluorodinitrobenzene (1.88 g. in 50 ml. ethanol)
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were added. The m ixture was shaken for 2  hr. at 40°, then acidified 
w ith 1 N-HC1, and the dinitrophenyl compounds (DNP-compounds) were 
exhaustively ex tracted  w ith ether. E ther was then evaporated  under 
vacuum  and the excess of fluorodinitrobenzene and dinitrophenol were 
rem oved by vacuum -sublim ation techniąue (1 hr., at 60°, 0.01 mm. Hg). 
The residue was dissolved in 5 ml. of acetone.

Two-dimensional chrom atography was applied to the  DNP-amino 
acids solution (2 ml. samples). Ascending techniąue in l°/o ammonia 
saturated  butanol was applied for 16 hr. [2 ] in the first run, and in the 
second, descending run  1.5 м-phosphate buffer, pH 6.0, for 14 hr. [6 ]. 
The chrom atogram  was then  dried, the  coloured spots of DNP-amino 
acids were cut ou t and elu ted  w ith 10 ml. of l°/o NaOH. The extinction 
of the ex trac t was m easured a t 360 т ц  in 2 om. cuvettes w ith a Zeiss’ 
spectrophotom eter. The content of am ino acids was calculated according 
to the standard  functions eąuation based on standard  amino acids Solu
tions treated  as reported  above. The standard  curves and their eąuations 
are presented in Fig. 4.

Hydrazinolysis of conglutin  /?

Conglutin was heated w ith anhydrous hydrazine in sealed tubes 
on a boiling w a te r bath. The excess of hydrazine was rem oved by 
evaporation under vacuum  at room tem peratu rę  over conc. H2 SO/,. 
The dry residue was dissolved in w ater and shaken for 2  hr. w ith 
benzaldehyde. The am ount of protein  and reagents used in individual 
experim ents, and the tim e of hydrazinolysis are presented in Table 2 .

Next the aldehyde layer was separated  by centrifugation and the 
free amino acids w ere exam ined in th e  aąueous layer. In experim ents 
no. 1 , 2 , 3 the dinitrophenol m ethod as reported  by Niu & Fraenkel- 
-Conrat [8 ] was used. In o ther experim ents the amino acids w ere exa- 
mined by  electrophoresis in pyrid ine buffer [7] directly after separation 
from  hydrazides.

T a b l e  2 
H ydrazinolysis of conglutin fi

Expt.
no.

Protein
(mg.)

Hydra
zine
(ml.)

Time
(hr.)

Water used for 
dissolving the dry residue 

(ml.)

Aldehyde used for 
removing hydrazides 

(ml.)

1 64.3 0.5 6 1 0.5
2 167.4 1.0 10 2 1.0
3 31.1 0.5 22 1 0.5
4 29.1 1.0 30 1 0.5
5 32.9 1.0 15 1 0.5
6 18.9 0.5 6 1 0.5
7 306.1 5.0 15 5 2.5

264
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The peptides from the hydrazinolysate separated by paper electro- 
phoresis (Fig. 7) were eluted, purified  again by electrophoresis and 
hydrolysed with 6  n-HCI in sealed tubes a t 100° for 24 hr. The acidic 
and basie amino acids of hydrolysates were exam ined by paper electro- 
phoresis in pyridine buffer, pH 5.85. The neutral amino acids after 
elution from the electrophorogram  w ere separated by chrom atography 
on W hatm an no. 1 paper in butanol - acetic acid - w ater ( 4 : 1 : 5 ,  v/v) 
for about 16 hr., using th e  descending techniąue.

То ргоѵе tha t the fraction h (Fig. 7) is not form ed from  arginine 
during heating with hydrazine, 30 mg. of arginine was heated w ith 
1 ml. of hydrazine for 1 2  hr. at 100°. The excess of hydrazine was 
evaporated, the residue dissolved in w ater, shaked with benzaldehyde, 
and the aąueous solution subm itted to paper electrophoresis.

A fter 2  hr. ineubation of conglutin /i w ith  carboxypeptidase the 
following amino acids were found: aspartic  acid, glutam ic acid, gluta
minę, smali amounts of serine and glycine, and traces of ѵаііпе, leucine 
and threonine (Fig. 5). A fter 10 min. ineubation th e  am ounts of glycine

RESULTS

Л Phosphate buffer, pH 6.0

Fig. 5. E lec tro p h o res is  and p a p e r 
ch ro m ato g rap h y  of n e u tra l am ino acids 
lib e ra ted  from  cong lu tin  /5 in cu b a ted  
w ith  ca rb o x y p ep tid ase . (1), E lec tro 
pho res is in a ce ta te  b u ffe r  [7], pH  2.0, 
100 v/cm ., 165 m in. (II), A scend ing  
p ap e r ch ro m ato g rap h y  in  b u ta n o l -  ace 
tic  acid - w a te r  ( 4 : 1 : 5 ,  by vol.). 
(1), G lu tam inę , (2), se rine , (3), g lycine, 
(4), th re o n in e , (5), ѵаііпе, (6), leuc ine

F ig . 6. C h ro m ato g ram  of th e  D N P- 
-d e r iv a tiv e s  of th e  hyd raz in o ly sis  
p ro d u c ts  of cong lu tin  fi. (I), A scen
d in g  ru n  in n -b u ta n o l - 1% N H 3; (II), 
d escen d in g  ru n  in  1.5 M -iphosphate 
b u ffe r , pH  6. (1), D N P-O H , (2), D N P- 
-g ly c in e , (3), D N P -se rin e , (4), D N P- 
- th re o n in e , (5), D N P -g lu tam ic  acid, 
(6), D N P -a sp a rtic  acid , (X), m ix tu re  of 

D N P -p ep tid es

and serine were larger than  those of the  o ther amino acids. A smali 
am ount of arginine appeared additionally  after 7 hr. ineubation. The 
results of quantitative analysis are presented in Table 3 .
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The hydrazinolysate of conglutin 0 a fte r trea tm en t w ith fluorodi- 
nitrobenzene contained aspartic acid, D N P-glutam ic acid, and dinitro- 
phenol, very smali am ounts of DNP-glycine, D N P-serine and DNP- 
threonine, and a ra th e r large am ount of a substance w ith an R f not 
corresponding to any amino acids of conglutin 0 (Fig. 6 ).

The electrophoresis carried ou t d irectly  on the hydrazinolysate of 
conglutin 0 revealed smali am ounts of glutam ic and aspartic acids 
and the presence of 8  peptide fractions (Fig. 7). The sam e was stated 
w hen conglutin 0 was heated w ith hydrazine for 6 , 15 or 30 hr. and 
when the hydrazinolysate was shaken tw ice for 2  hr. w ith benzaldehyde. 
The approxim ate content of amino acids in the polypeptide fraction 
obtained by hydrazinolysis of conglutin 0 is presented in Table 4.

In the hydrolysates of all the  peptide fractions (except fraction a) 
an alkaline substance w ith a h igher m obility than orn ith ine was found. 
In alkaline o r neutral medium  this substance (Fig. 8 , spot z) was 
decomposed to 3-am inopiperidon-2 and ornith ine (Fig. 8 , c). Both these 
substances w ere found as the products of hydrazinolysis of arginine [3].

DISCUSSION

The results obtained by the carboxypeptidase m ethod suggest the 
presence in conglutin 0 of four C -term inal amino acids: 2  glutam inę, 
1 aspartic acid and 1 glutam ic acid. Some doubts m ay ooncern the 
C-term inal position of aspartic acid, as the  quantita tive  analysis reve- 
aled only about 0.75 мтпоіе of this am ino acid per 1 mole protein. This, 
bowever, m ay be due to the chrom atographic m ethod applied. The spot 
of DN P-aspartic acid was only  sligh tly  ahead of th a t of DN P-glutam ic 
acid and probably the determ ined am ounts of aspartic acid were too 
Iow and those of glutam ic acid too high, the m ean value for glutam ic 
and aspartic acid being alm ost exactly  1 mole of amino acid per 1 mole 
protein.

Glycine and serine found in the  m ix ture  after incubation can not 
be considered as C -term inal amino acids; they resu lted  probably from  
autolysis of carboxypeptidase. A fter 10 min. incubation the am ount 
of those amino acids was larger than  tha't of any o ther amino acid 
but did not increase w ith the tirne of incubation. The preparation of 
carboxypeptidase was found to contain glycine and serine, but the 
am ount of enzym e in ou r possession was not sufficient for quan'titative 
analysis of these two amino acids.

Hydrazinolysis confirmed the presence of C -term inal aspartic and 
glutamic acids. Only these two amino acids were found in the con
glutin 0 hydrazinolysate together w ith  several peptides (glutam inę 
form ed w ith hydrazine a hydrazide which has been rem oved by  shaking 
w ith benzaldehyde).
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Fig . 7. P a p e r  e lec tro p h o resis  in  p y rid in e  b u ffe r , pH  5.85, 80 v/cm ., 90 m in.
(a), H y d raz in o ly sa te  of cong lu tin  & (b), s ta n d a rd  m ix tu re  of am ino acids.
(i), A sp a rtic  acid, (2), g lu tam ic  acid, (3), h is tid in e , (4), a rg in in e , (5), lysine,

(6), o rn ith in e , (a - h), p e p tid e  f ra c tio n s

Fig. 8. P ap e r e lec tro p h o resis  in  p y rid in e  b u ffe r , pH  5.85, 80 ѵ/сш., 45 m in.
(a), S ta n d a rd  m ix tu re  of am ino  acdds; (b), ac id  h y d ro ly sa te  of th e  pep tide  f r a c 
tio n  h  (Fig. 7) of h y d raz in o ly sa te  o f cong lu tin  /?; (c), d ecom position  p ro d u c ts  of 
th e  sp o t z in  n e u tra l m ed ium . (1), A sp artic  acid , (2), g lu tam ic  acid , (3), h is tid in e ,
(4), a rg in in e , (5), lysine, (6), o rn ith in e , (7), 3 -am in o p ip e rid o n -2 , {z), one of the  

p ro d u c ts  of h yd ro ly sis of pep tid e  h

http://rcin.org.pl
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The quan tita tive  analysis of C -term inal residues seems to suggest 
th a t the  m olecule of conglutin fi consists of four polypeptide chains. 
In  the  previous report [1 2 ] we had assumed, considering the  analysis 
of IV-terminal glutam ic acid, th a t a m olecule of conglutin /9 consists 
of th ree polypeptide chains. The values of 3 glutam ic acid residues per 
1 mole of conglutin /9 w ere based on experim ental 70°/o decomposition 
of DN P-glutam ic acid during 18 hr. hydrolysis. As the  D N P-protein 
was hydrolysed for 24 hr., the previously obtained resu lts w ere now 
calculated again taking into account the 75°/o decomposition of DNP- 
-glutam ic acid, occurring during 24 hr. hydrolysis. These new calcula- 
tions indicated the existence of four N -term inal glutam ic acid per one 
mole of protein, i.e. four polypeptide chains. Thus the values of both 
N -term inal and C -term inal amino acids suggest the four-chains struc- 
tu re  of conglutin /9 molecule, and th is concordance seems to elim inate 
the presence of branched polypeptide chains.

T a b l e  4
Am ino acids of the peptide fractions o f conglutin (I hydrazinolysate  

T he p ep tid e  fra c tio n s , s e p a ra te d  by e le c tro p h o re s is  (Fig. 7) w e re  h y d ro ly sed  
fo r  24 h r. a t 100° in  6 N-HC1. In  th e  h y d ro ly sa te  ac id ic  an d  basie  am ino  ac id s  
w e re  s e p a ra te d  by  e lec tro p h o re s is , and  n e u tr a l  am ino  acids b y  p a p e r  c h r  ornat o-

g rap h y . F o r  d e ta ils  see M ethods

Fraction Amino acids found

a Glutamic acid, histidine, glycine and/or serine, smali
amounts o f ѵаііпе and leucine

b Glutamic acid, histidine, glycine and/or serine, aspartic
acid, ornithine, threonine, smali amounts o f ѵаііпе
and leucine

с Glutamic acid, glycine and/or serine, arginine, aspartic acid,
alaninę, leucine

d Histidine, arginine, glycine and/or serine, threonine, ѵаііпе
e Arginine (?), histidine (?)

f  and g Lysine, ornithine, glycine and/or serine, smali amounts
o f threonine, ѵаііпе, leucine

h Ornithine

This conclusion disagrees w ith a very  in teresting supposition on 
the structu re  of globular proteins, presented by Segal, D ronberger- 
-Schiff & K alaidjew  [10]. According to these authors, the polypeptide 
chains in the globular proteins m ake a closed loop, and if amino acids 
w ith  free aminę group are determ ined, this m ay be considered as 
a proof of the  existence of lateral branches due to the  presence of dia- 
m inom onocarboxylic and m onoam inodicarboxylic amino acids. Могеоѵег, 
the authors consider the  m ethods used in determ inations of the C- 
-term inal amino acids as not reliable. Therefore in their assum ption
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these data  w ere not taken into account. Close accordance of the num ber 
of the N -term inal and C -term inal amino acids of conglutin fi obtained 
in our experim ents suggests th a t the  hypothesis of Segal et al. [10] 
m ay not apply to all globular proteins, and tha t more experim ental
data should be obtained.

As it already has been m entioned, several peptide fractions were 
obtained  besides C -term inal amino acids after the hydrazinolysis of 
conglutin fi. Those peptides consisted moStly of basie amino acids 
(Table 4). I t  is in accordance w ith the in teresting studies of W allen 
& Sjóholm  [11] th a t the basie peptides are highly resistan t to anhydrous 
hydrazine. Prolonged hydrazinolysis (30 hr.) did not cause any evident 
sp litting  of the basie peptides. No differences w ere stated betw een the 
electrophorogram s perform ed afte r 6  and 30 hr. of hydrazinolysis.

A fter the hydrolysis of all the peptide fractions (except fraction a) 
a strongly  basie substance w ith a m obility g rea ter than  tha t of ornith ine 
was found. This substance, eluted w ith w ater from  the electrophoro- 
gram , was decomposed to 3-aminopiperidon-2 and ornithine, so it 
consisted of at least 1 molecule of o rn ith ine and 1 molecule of 3-amino- 
p iperidon-2 . Fraction h of conglutin fi was also of great interest. A fter 
hydrolysis only o rn ith ine  and the above m entioned basie substance
w ere found. As this substance consisted of 2  molecules of ornithine
(hydrazinolysis of the protein causes lactam ization of ornithine) it m ay 
be presum ed that fraction h is composed of at least 3 molecules of this 
amino acid. W hen arginine was trea ted  w ith hydrazine no condensation 
was observed, and only o rn ith ine and 3-aminopiperidon-2 were found. 
Therefore fraction h can not be considered as an artifact due to the 
effect of hydrazine. Thus it seems th a t fraction h was form ed from  an 
already present product of arginine condensation, and the existence in 
conglutin fi of amino acid seąuences: A rg-Arg-A rg, m ay be assumed.

The form ation of 3-am inopiperidon-2 from  arginine trea ted  w ith hy
drazine indicated th a t this compound may occur in hydrazinolysates of 
proteins w ith C -term inal arginine. Niu & Fraenkel-C onrat [8 ] studying 
the гесоѵегу of am ino acids after 1 0  hr. hydrazinolysis found th a t the 
loss of m ost of the  amino acids was 40 - 60°/o. The authors suggested 
th a t these losses m ainly arise during the separation of amino acids from 
hydrazides. It seems, however, th a t they m ay be also due to a reaction 
sim ilar to the observed o rn ith ine lactam ization. Such reaction m ay occur 
also w ith o ther amino acids under conditions favourable for dehydration.

The au thors express their g ratitude  to Prof. Dr. J. P liw a from  the 
In stitu te  of Organie Chem istry and Biochemistry of th e  Czechoslova- 
kian Academy of Science, for the gift of carboxypeptidase.
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SUMMARY

In  conglutin fi four C -term inal amino acids w ere found by the 
carboxypeptidase m ethod: 2  moles glutam inę, 1 mole glutam ic acid 
and 1 mole aspartic acid per 1  mole protein; this suggeśts the presence 
of 4 peptide chains. The hydrazinolysis of conglutin fi confirmed the 
presence of C -term inal aspartic  and glutam ic acids, and 8  peptide 
fractions w ere also found. They contained m ainly basie amino acids; 
one of the  peptides consisted probably of 3 ornith ine. Therefore the
presence in conglutin fi of A rg-A rg-A rg seąuences is suggested.

O rnith ine and 3-am inopiperidon-2 w ere found w hen arginine was 
heated  w ith  hydrazine.
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Z BADAŃ N AD  B IA Ł K IE M  ŁU B IN O W Y M  

V. C-KOŃCOWE AMINOKWASY KONGLUTYNY /5

S t r e s z c z e n i e

Przy  pomocy karboksypeptydazy oznaczono, że w konglutynie fi po
zycje C-końcowe zajm ują: g lu tam ina ( 2  mole), kw as glutam inow y 
(1 mol) i kw as asparaginow y (1 mol na mol białka), co sugeruje 4-łań- 
cuchową budowę badanego białka. Obecność C-^końcowych kwasów 
asparaginow ego i glutam inowego wykazano także na drodze hydrazy- 
nolizy konglutyny fi. W hydrazynolizacie stw ierdzono również 8  frakcji 
peptydow ych, złożonych głównie z aminokwasów zasadowych. Jeden  
z peptydów  zbudowany był prawdopodobnie z 3 resżt o rn ityny; na tej 
podstaw ie można przypuszczać, że w  konglutynie fi znajdują się sekw en
cje Arg-A rg-A rg.

Zauważono, że arginina ogrzewana z hydrazyną tworzy obok o rn i
tyny  3-am inopiperydon-2.

R eceived  15 F e b ru a ry  1962.
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Exposure to ionizing radiations provokes a delay in Ііѵег regenera
tion and, in particular, retards the initiation of DNA synthesis and 
m itotic diyision which norm ally take place following the loss of an 
appreciable portion of the Ііѵег cells [19, 1 0 , 18]. The na tu rę  of the  
damage resulting from  irradiation is relatively  independent of the type 
of radiation, any differences being largely quantitative, i.e. the dose 
necessary to еѵоке sim ilar effects is dependent on the type of rad iation  
employed. The most pronounced biological effects are produced by fast 
neutrons, followed by X -rays and у -irrad iation  [21].

W ith a view to obtaining some fu rth e r inform ation about the  m echa- 
nisms involved, we have m ade some attem pts to influence Ііѵег rege- 
neration  in the ra t following y-irradiation. Rats, which w ere to be 
subm itted  to irradiation and hepatectom y, were first starved for 24 hr., 
following which they were fed norm ally.

D uring starvation num erous organie substances are  e ither exhausted, 
or transported  from  the Ііѵег to other organs, while the activity  of 
a num ber of enzymes is m odified [15, 17]. Upon renew al of feeding 
following hepatectom y, the weight of the anim al inereases rapidly  as 
com pared to norm ally fed anim als which exhibit a decrease in body 
w eight during the initial stages of regeneration. The Ііѵег of starved 
ra ts  conseąuently  differs from  th a t of norm ally fed anim als not only 
during  the period of irradiation, b u t also during th a t of regeneration.

In  the p resen t investigation only the Ііѵег area was irradiated. In  
addition an exam ination was m ade of the  m odifications resu lting  
during regeneration following irradiation of o ther parts of the body, 
such as the head o r limbs, w ith a view ‘to obtaining some inform ation 
on the form ation and possible role of hum oral factors resulting from  
irradiation. Q uantitative determ inations w ere also m ade of the ra te
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of regeneration  of DNA, RNA, protein and Ііѵег mass. D uring the early  
stages of regeneration, the  initiation of mitosis and the m itotic count 
w ere also exam ined.

MATERIALS AND METHODS

The ra ts  employed, of a w hite race cultivated in this laboratory, 
w ere predom inantly  m ales weighing from  170 to 2 0 0  g. The anim als 
w ere enclosed in a narrow  plastic Container which prevented any 
appreciable m ovem ent. The Container was orien tated  w ith respect to 
the  source so th a t the abdomen was directly exposed to the latter. 
A circular area of d iam eter 38 mm., corresponding to the location of 
the  Ііѵег, was irradiated . The rem ainder of the body was shielded by 
m eans of 1 0  cm. lead, which transm itted  doses of the o rder of 1 - 2  r. 
For irrad iation  of o ther areas, the  sam e shield and opening were used. 
The irrad iation  source was a 50 curie cobalt source, elsew here descri- 
bed [20]. The anim als were subm itted  to a dose of 1340 r. in the space 
of 2 0  min. and w ere then  im m ediately operated  on as described by 
Higgins & A nderson [7], involving гетоѵ аі of the two m ain lobes. 
A nim als starved  for 24 hr., prior to irradiation and operation, were 
given w a te r ad libitum , and were supplied with food im m ediately 
following operation. The radiation dose applied was firs t determ ined 
by a series of tria l experim ents and was such th a t it provoked a m arked 
inhibition of regeneration, bu t did not produce any visible symptoms 
of rad iation  sickness such as d iarrhea o r enlargem ent of the en trails 
which resu lted  from  the use of higher doses. The control groups, compr- 
ising non-irrad iated  and norm ally fed rats, always included an eąual 
num ber of animals.

The increase in Ііѵег w eight was determ ined by weighing, it being 
accepted th a t 67°/o was rem oved by hepatectom y. DNA was determ ined 
by the d iphenylam ine m ethod [5], following isolation of the nucleic 
acids by trichloroacetic acid (TCA) w ithout prior ex traction  of lipids [16]. 
RNA was determ ined in the sam e fraction by  means of the orcinol 
reaction [12]. In  some experim ents, acid-soluble ribose compounds were 
estim ated  from  the d ifference betw een (a), determ inations of RNA in 
the  nucleic acids ex tracted  w ithout prior washing w ith  TCA, hence 
w ithou t гетоѵ аі of acid-soluble compounds; and (b), determ inations of 
RNA ex tracted  from  tissue which was initially  subjected to several 
w ashings w ith cold TCA. P ro tein  w as estim ated by m eans of the  b iuret 
reaction according to Low ry et al. [11]. Mitotic oounts were made 
following stain ing of 6  u tissue sections w ith haem atoxylin  and eosin; 
the m itotic index was taken as the  num ber of mitoses counted in ten 
fields d istribu ted  over the section, enlarged 500 tim es under the 
microscope. 4; - j
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RESULTS

As for X -irradiation, y -irrad iation  provoked an inhibition of the  
firs t phase of mitosis norm ally appearing about 26 hr. following hepa
tectom y. The first m itoses w ere noted about 36 hr. following operation, 
bu t in num ber considerably less th an  th a t noted during th e  period 
o f increased celi division following hepatectom y of non-irrad iated  
anim als (Fig. 1). The quantita tive  regeneration  of several Ііѵег consti- 
tuen ts were exam ined only after about 72 hr. sińce, according to 
M yers [13], th is  is the  period a t which the quantita tive  differences 
in regeneration rate  resulting  from  irrad iation  are most pronounced.

Fig. 1. E ffec t of ir ra d ia tio n  on the  
aippearance of m itosis  in  re g e n e ra tin g  
Ііѵег. T he o rd in a te  scalę  g ives the  
n u m b e r of m itoses coun ted  in  10 
fie ld s u n d e r  th e  m icro scope ; each  
po in t re p re se n ts  re su lts  fo r  one an im al: 
(O), n u m b e r of m ito ses in  no rm al, 
re g e n e ra tin g  Ііѵег; (^ ) , n u m b e r  of 
m ito ses  in  ir ra d ia te d  re g e n e ra tin g  

Ііѵег

Fig . 2. In f lu en ce  of ir ra d ia tio n  on r e 
g e n e ra tio n  of sev e ra l Ііѵег c o n s titu -  
en ts . E ach  co lum n re p re se n ts  th e  p e r -  
cen tage  co n ten t of a g iv en  Ііѵег con - 
s t i tu e n t a f te r  72 h r. re g e n e ra tio n ; 
□), con tro l; (|^|) ir ra d ia te d  an im a ls . 

R esu lts  a re  m eans fo r  6 con tro l, an d  
12 ir ra d ia te d , an im als . B ra c k e ts  r e -  
p re s e n t m ean  s ta tis tic a l d ev ia tio n . 
T he b ro k en  line  re p re se n ts  th e  o b se r-  
ved leve l of m easu red  c o n s titu e n ts  in  
the  re m a in d e r  of th e  Ііѵег fo llow ing  

hep a tec to m y

As can be seen from  Fig. 2 the  ra te  of regeneration of Ііѵег mass, RNA 
and protein in irrad ia ted  anim als is unchanged; w hereas th a t of DNA 
is retarded, in agreem ent w ith the known sensitivity  of DNA synthesis 
to irradiation. R ather curious is the observed lack of any rad iation  
effect on the m odification of the  ra te  of increase of protein  and RNA 
during regeneration. I t has previously been observed [13] th a t X -irra - 
diation provokes, in  addition to a decrease in total DNA during  regene
ration, a sim ilar, although quan tita tive ly  lower, decrease in the ra te
oif grow th of protein  and RNA. I t is, of course, possible th a t th ere
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exists a sm ali difference, not detectable because of variations betw een 
animals.

The curve for in itiation of mitosis during regeneration, prior to and 
following irradiation is very  sim ilar to 'that of Holmes [8 ] for DNA 
synthesis under identical conditions, following Х-irrad iation , w ith  the 
exception th a t it appears som ew hat earlier. The initiation, and atta in- 
m ent of the  m axim um  rate, of DNA synthesis appear to occur several 
hours ahead of the corresponding values for celi division. A pparently, 
following irradiation, the in itiation of DNA synthesis, following the 
period of inhibition, does not a tta in  the sam e level as for non-irrad iated  
cells. Since initiation of celi division reąu ires the prior doubling of 
the  cellu lar DNA content [3], it would appear th a t the  inhibition of 
m itosis obseryed following irrad iation  of the Ііѵег ju st p rior to hepa- 
tectom y is due to inhibition of DNA synthesis.

Differences гп Ііѵег regeneration betw een animals fed  norm ally and 
those starned for 24 hours before hepatectom y

Starvation  for 24 hr. prior to operation proyokes a m arked increase 
in the ra te  of Ііѵег regeneration. Following 72 hr. regeneration, the 
largest increase is obseryed in the ąu an tity  of RNA, followed by Ііѵег 
piass and protein; and the least, if indeed there  is any difference at all, 
in the  ra te  of regeneration of DNA (Fig. 3). Nonetheless the increased 
accum ulation of the various constituents of the Ііѵег is probably not 
linked uniąuely  w ith the ra te  of tissue regeneration, i. e. w ith the 
increase in num ber of Ііѵег cells, bu t ra th e r w ith the accum ulation o f 
yarious constituents in the Ііѵег during regeneration. S taryation  of the 
ra ts  for 24 hr. induces an approxim ately  9°/o decrease in body weight, 
and, as appears from  the calculations of Ііѵег w eight rem oved during 
operation, the percentage decrease for the Ііѵег alone is even greater. 
It conseąuently  appears th a t some of the Ііѵег substance is e ither 
consumed during staryation  or is rem oved to o ther organs. W ith 
renew al of feeding there resu lts  an increased displacem ent of organie 
com pounds to the Ііѵег, which is reflected by the rem arkable  increase 
in the  substances studied, during the regeneration period, in anim als 
starved prior to regeneration. D uring regeneration in norm ally fed 
animals, the  increase in Ііѵег w eight is sim ilar to th a t for the rate  
of increase in DNA. This is not so for anim als previously s'tarved. The 
rate  of accum ulation of particu lar constituents also yaries. As m ay be 
seen from  the resu lts  in Fig. 3 the m ost m arked “m obility” is exhibited 
by RNA, followed by protein; DNA is hard ly  affected, if at all. This 
is particu la rly  elear for sho rter regeneration  periods, e.g. up to 40 hr. 
a fte r hepatectom y, w here the Ііѵег m ass of starved anim als inereases 
twice as m uch as for those norm ally  fed; w hereas there is no difference
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in increase of DNA and protein, bu t an alm ost 4-fold increase in  RNA, 
w ith  respect to norm ally fed rats. F urtherm ore the  increased regenera- 
tion ra te  does not parallel the increased num ber of mitoses, a t least 
during the initial period.

Of the various constituents studied, the acid-soluble compounds, 
which are RNA derivatives, are present in Ііѵег tissue in appreciable 
ąuantities. The average content of these compounds, determ ined by the 
orcinol reaction and calculated in term s of equivalent RNA in 1 g. of 
fresh Ііѵег tissue rem oved during operation is about 1 1  ± 3  mg. in 
norm ally-fed animals; this is to be com pared w ith the equ ivalen t value

Fig. 3. In f lu en ce  of s ta rv a tio n  p r io r  
to o p e ra tio n  on th e  ra te  of Ііѵег r e -  
g en e ra tio n  a f te r  72 h r. P e rcen tag e  
co n ten t of v a rio u s  c o n stitu en ts  in: 
(□), co n tro l an im a ls ; (1=5!). an im als  
s ta rv e d  p r io r  to  op e ra tio n . R esu lts  
a re  m ean s fo r  6 an im a ls  in  each 
g roup . B rack e ts  re p re s e n t m ean  s ta -  
tis tic a l d ev ia tion . In te rru ip ted  line 
re p re se n ts  th e  observed  c o n ten t of 
v a rio u s  Ііѵег c o n stitu en ts  in  Controls 

im m ed ia te ly  a f te r  o p e ra tio n

Fig. 4. In f lu en ce  of ir ra d ia tio n  on ra te  
of re g e n e ra tio n  of Ііѵег c o n s titu e n ts  
fo r  an im als  s ta rv ed  p r io r  to  o p e ra 
tion , ex p ressed  in  p e rcen tag e  co n ten t 
a f te r  72 h r. re g e n e ra tio n : (□), an im a ls  
s ta rv e d  p r io r  to o p e ra tio n ; (■), a n i
m als s ta rv ed  and  ir ra d ia te d  p r io r  to  
o p e ra tio n . M eans fo r  6 co n tro l, and 
12 ir ra d ia te d , an im als . B ra c k e ts  g ive 
m ean  s ta tis tic a l dev ia tion . In te r ru p te d  
line  re p re se n ts  th e  ob serv ed  lev e l of 
Ііѵег c o n stitu en ts  im m ed ia te ly  a f te r  

o p e ra tio n

for RNA, which is 8.5 ±1.3 mg./g. tissue. I t  should consequently be noted 
tha t the relative quan tity  of these compounds is m arkedly  reduced in 
starved anim als and equals, on the average, 2.5 ±0.7 mg./g. fresh  tissue. 
Since the orcinol m ethod reveals only purine derivatives, we are 
dealing in the foregoing largely w ith changes in concentration of adenine 
derivatives such as AMP, ADP and ATP, which are most predom inant 
in this fraction [9].
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In fluence of y-irradiation on course of regeneration in starued animals

i In  Fig. 4 are exhibited  the oonterits of the  individual substances, 
following 72 hr. regeneration, in th e  Ііѵег of rats sta rved  prior to ope- 
ration, w ith respect to anim als starved and irrad iated  prio r to operation. 
The Figurę shows clearly the  inhibitory effect of irrad iation  for each 
of the  Ііѵег constituents examined, and th a t th is appears to be closely 
linked to the  generał decrease in weight of the anim al. Fig. 5 presents 
the  percentage variation in body w eight for all cases exam ined. The 
larger difference in body w eight provoked by irrad iation  in starved

Fig. 5. P e rcen tag e  v a ria tio n  in  body 
w e ig h t d u rin g  reg e n e ra tio n . B ody w e ig h t 
of an im a l im m ed ia te ly  a f te r  o p e ra tio n  
w as ta k e n  as 100. (o), S ta rv ed  p r io r  to 
o p e ra tio n ; (# ), s ta rv e d  and  ir ra d ia te d  
p rio r  to  o p e ra tio n ; (□), no rm ally  fed ; 
(■ ), n o rm a lly  fed  and  th e n  ir ra d ia te d

anim als corresponds to the g rea ter inhibitory effect of irradiation on 
the ra te  of Ііѵег regeneration. Hence the re tardation  of Ііѵег regenera
tion following irradiation would appear to be the consequence, not 
o n ly  of the  dam aging effect of irrad iation  on DNA synthesis and celi 
division, which is of prim ary  im portance in the early  phase of regene
ration, bu t also of the  reduction in body weight and of the  sta te  of 
exhaustion of the  animal. A comparison of the resu lts exhibited  in 
Fig. 2 and 4 dem onstrates th a t the contents of the individual consti
tuen ts  of anim al starved  p rior to operation and irrad iation  are not, 
w ith the exception of the DNA content, below the level of the corres- 
ponding constituents in operated  anim als which have not been irrad iated  
following norm al feeding. This is in agreem ent w ith the differences 
resu lting  from  variations in body w eight betw een corresponding animals.

Effect  of irradiation of other areas of body on course 
of Ііѵег regeneration

In  oirder to obtain  some inform ation as to how radiation exerts 
harm ful effects on Ііѵег regeneration and, in particular, on the  re ta rd a 
tion of mitosis, which is a ra th e r sensitive test of the changes provoked 
by irradiation, some experim ents w ere perform ed in which e ither the 
head  or limbs w ere irradiated, following which the ra ts  w ere operated
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and the  process of mitosis followed in  the regenerating Ііѵег. It was, 
in fact, found that irrad iation  of o th er organs provokes m itotic disturb- 
ances during the early  stages of regeneration, although differing 
som ew hat from  those following irrad ia tion  of the  Ііѵег (Fig. 6 ). The 
period of retardation of mitosis is m uch shorter, about 4 hr.; subseąuently  
there is an increased m itotic rate  w hich prevails for some tim e; about 
36 hr. following regeneration the num ber of observed mitoses is fairly  
high and exceeds twice th a t observed in a norm ally regenerating Ііѵег.

Fig. 6. M itosis in  re g e n e ra tin g  Ііѵег fo l
low ing  ir ra d ia tio n  of: (# ), h ead ; (a ), 

lim bs

However, sińce no sim ultaneous m easurem ents w ere madę of the rate 
of DNA synthesis, it is not possible to sta te  w hether the foregoing is 
the resu lt of modifications in DNA synthesis o r due to some direct 
effect on the mechanism of mitosis. The production of an effect of this 
type of such short duration on cellu lar division is very  likely due to 
the form ation of some toxic factors during irradiation. It is, on the 
Gther hand, not know n w hether the observed sm aller effect of radia- 
tion under these conditions is due to a dim inished participation of some 
toxic factors on the  observed m odifications in regenerating Ііѵег, o r to 
the lack of any damage to the s truc tu re  of the Ііѵег cells and their 
resu ltan t g rea ter detoxification ability.

DISCUSSION

The regeneration ability  of the Ііѵег in some m am m als is very 
pronounced. Because of its varied  and im portant function in animal 
organisms, the  Ііѵег m ust be rapidly  reform ed to perm it the  norm al 
functioning of the organism. Hence even fairly  high rad iation  doses 
ргоѵо-ке only a re tardation  of regeneration resulting  from  a lag in DNA 
synthesis and cellu lar division. Possibly th is is linked to the  know n 
radiation resistance of the  Ііѵег. A lthough cellular division necessarily 
reąu ires a doubling of DNA content, a fact which renders difficult 
a ttem pts to е х а т іп е  these phenom ena individually, conditions are 
known under which radiation does not affect DNA synthesis while 
retarding the appearance of cellu lar m itosis [14, 4], suggesting that 
each of these processes is in fact indiyidually  affected by irradiation.
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W ith the exception of DNA, radiation exer*ts little inhibitory effect 
on the accum ulation of these during the la te r phase of regeneration, 
viz. a fte r 72 hr. But this effect is more pronounced in anim als starved 
prior to operation, due to the  influence of irradiation on the generał 
condition of the animals, which is reflected in 'their decreased body 
weight, as com pared to non-irrad iated  animals. From  the  m easurem ents 
of the rate  of regeneration of various Ііѵег constituerits in ra ts  starved 
prior to irradiation, it appears that, w ith the exception of DNA, which 
apparently  m ust be synthesized de novo, their grow th m ust resu lt from 
transport to the Ііѵег.

W hat is perhaps most curious is the  duration of the rad iation  induced 
damage. A pparently  the effect of irradiation is pronounced not only 
under those conditions which compel the celi to undergo division, but 
also during the period the celi is capable of counteracting the effects 
of radiation. A lbert [1] observed abnorm al mitosis during Ііѵег rege
neration in mice even 257 days following irradiation.

The experim ents involving irradiation of o ther body organs point 
to the  participation  of hum oral factors in provoking disturbances during 
cellu lar division. W hether these are due to the inhibition of DNA 
synthesis, or to the d irect effect of some radiation form ed toxins on 
mitosis, rem ains unansw ered. The observed shorter inhibition period 
of mitosis, in these instances, suggests a decreased damaging effect 
due to hum oral factors. I t  m ust, however, be recalled th a t about 28 hr. 
elapsed from  th e  tim e of irrad iation  to the tim e of appearance of the 
first visible changes in the regenerating Ііѵег. Studies on parabiotic 
rats, am ongst others, likewise point to the  involvem ent of toxic factors 
resu lting  from  irradiation; irradiation of one of th e  anim als produces 
sim ilar effects in the non-irradiated  p a rtn e r [2 2 , 6 ]. O bservations have 
also been m ade on the effect of sim ultaneous irradiation of o ther body 
organs on th e  num ber of abnorm al mitoses during Ііѵег regeneration 
in mice [2 ]. However, the experim erits of M yers [14] negate the  im port- 
ance of toxic factors on the retardation  of Ііѵег regeneration following 
X -irradiation; following shielding of the  caudate Ііѵег lobe, he irrad iated  
the an terio r lobule of the righ t Ііѵег lobe and found th a t only in the 
irrad iated  lobe was there a lower DNA content and a dim inished num ber 
of Ііѵег cells following 96 hr. regeneration. These experim ents indicate 
ra th e r th a t d irect damage of the cells by irradiation is much less readily  
repaired  by  the organism.

SUMMARY

The Ііѵег region of ra ts  w as subm itted  to a radiation dose of 1430 r. 
and, following hepatectom y, a study was m ade of the effect of irradia
tion, during early  stages o f regeneration, on cellular division and,
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fo llo w in g  72 hr., o n  th e  о ѵ е г а іі v a lu e s  o f  Ііѵег w e ig h t  an d  c o n te n ts  o f  
D N A , R N A  and p ro te in . Ir ra d ia tio n  w a s  fo u n d  to  re ta rd  th e  ap p ea ra n ce  
o f  m ito s is  in  r e g e n e r a tin g  t is su e  an d  to  r e su lt  in  a d e c r e a se d  ra te  o f  
r e g e n e r a tio n  o f  D N A .

R a ts  w e r e  s ta r v e d  for 24 hr., th e n  ir ra d ia ted  as a b o v e  an d  o p era te d , 
fo l lo w in g  w h ic h  th e y  w e r e  n o r m a lly  fed . U n d e r  th e s e  c o n d itio n s  Ііѵег 
r e g e n e r a tio n  w a s  m o r e  rapid; fu r th e r m o r e  th e r e  w a s m ore  p ro n o u n ce d  
r e ta r d a tio n  o f  th e  r e g e n e r a tio n  o f  v a r io u s  c o n s t itu e n ts  u n d er  th e  
in f lu e n c e  o f  ir ra d ia tio n , w h ic h  ap p ea red  to  b e  lin k e d  w ith  th e  g rea ter  
w a ria tio n s in  b o d y  w e ig h t  b e tw e e n  n o n -ir r a d ia te d  an d  ir ra d ia ted  a n im a ls .

If o n ly  th e  h ea d , o r  th e  lim b s, w e r e  ir ra d ia ted , th e r e  r e su lte d  
a tem p o r a ry  re ta r d a tio n  o f  m ito s is  in  th e  o p e r a te d  Ііѵег, b u t  th is  w a s  
o f  sh o r t  d u ra tio n  an d , fo llo w in g  th e  p er io d  o f  in h ib it io n , w a s  su cc ee d e d  
b y  a p er io d  o f  in te n s e  d iv is io n .
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WPŁYW PROMIENIOWANIA у  NA REGENERACJĘ WĄTROBY U SZCZURÓW 
NORMALNYCH I GŁODZONYCH

S t r e s z c z e n i e

Naświetlano okolice w ątroby szczura dawką 1430 r. prom ieni у 
i po wycięciu 2 / 3  części w ątroby badano wpływ naśw ietlania we wczes
nych okresach regeneracji na mitozę, a po 72 godz. na masę w ątroby, 
zawartość DNA, RNA oraz białka. Stwierdzono, że prom ienie у  powo
dują opóźnienie w ystępow ania m itoz w regenerującej tkance oraz wol
niejszą regenerację DNA.

U szczurów operow anych po 24-godzinnym poście, k tórym  podano 
pokarm  zaraz po operacji, regeneracja przebiegała szybciej. N aprom ie
niowanie takich zw ierząt przed operacją powodowało zaham owanie re 
generacji poszczególnych składników, co w ydaje się być związane z róż
nicą wagi zw ierząt naprom ieniow anych i nienaśw ietlanych.

Naprom ieniow anie ty lko  głowy zwierzęcia lub tylko nóg powodowało 
w pozostałej części w ątroby przejściowe, kró tkotrw ałe zaham owanie 
mitoz, po którym  następow ał okres wzmożonych podziałów.

Received 22 February 1962..
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The ta rg e t theory, initially developed by Lea [8 ] for estim ation of 
the dim ensions of radiation-sensitive biologically active m acrom olecules, 
has been widely applied to m easurem ents of m olecular w eights of 
enzym es or, more correctly, the effective size in m olecular w eights units 
of th a t portion of the molecule responsible for enzym ie activity. The 
resu lts  of d ifferent observers are, however, not alw ays readily  compar
able, because of the  differences in experim ental conditions employed, 
such as type of irradiation, d ifferen t dose-rates, etc. Furtherm ore , on 
the basis of reported results, doubts m ay be en te rta in ed  w ith regard 
to generał validity  of the application of the targe t theory  to calculations 
of m olecular size [1 0 , 1 1 ].

In the following we shall describe the resu lts  of some m easurem ents 
on the  inaetivation, by m eans of deuteron and y-radiation, of dried 
films of lysozyme and ribonuclease under identical experim ental condi
tions, achieved by the form ation of film s containing a m ix tu re  of both 
enzymes. The choice of these two enzym es was d ictated  by the following 
considerations: (a) their chemically and physically determ ined  m olecular 
w eights are very close to each o ther and know n w ith  reasonable 
accuracy, th a t of ribonuclease being 13 700 [5] and of lysozym e 14 100 
[6 ] ^(b) each m olecule consists of a single polypeptide chain, the 
secondary structu re  of which is m aintained largely  by several disulfide 
linkages; (c) the amino acid seąuences are now reasonably w ell known 
[5, 6 ]; ań d  the ability to гетоѵ е a num ber of te rm ina l am ino acids 
w ithout im pairm ent of enzymie actiyity [7] suggests th a t it m ay

1 A t th e  tim e  th is  s tu d y  w as  in itia te d , th e  m o le c u la r  w e ig h t of lysozym e w a s  
gem erally  a ccep ted  as 15 000 [4]. H ow ever, fo llow ing  com fpletm n iof th is  w o rk , an  
im proved  am in o  ac id  analysiis [6] n ecess ita ted  rev is io n  of th e  fo reg o in g  to  14 100, 
a v a lu e  su p p o rted  by  in d e p e n d e n t m easu rem en ts  of sm a ll-a n g le  X -ra y  s c a tte r in g
[9] an d  se d im e n ta tio n  co n stan ts  {15].
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2 8 2 Z. TRAM ER AND D. SHUGAR [2]

eventually  be possible in this w ay to аггіѵе at some estim ate of the 
m agnitude of the  active enzym ie sites for each enzyme.

Some findings have already  been reported  on the inactivation, by 
m eans of ionizing radiations, of dried  preparations of lysozyme [1 2 j 
and ribonuclease [3]. We shall rev ert to these in the Discussion, be Iow.

F or calculations of m olecular weights we employ, in w hat follows, 
the D 37o/o dose in its usual connotation [8 ]. If D 37o/0 is the  dose necessary 
to score an average of one h it per enzyme particie, then  th e  num ber 
o f active enzym e molecules, n, rem aining a fte r a dose D is

n =  n 0 X e~ D Do

w here  is the  initial num ber of active enzym e molecules. For an 
applied dose D =  D0,

n =  fi0 X e _DDo =  n0X 0.368

і.е .-П- =  0.37 =  37%
7l0

so th a t D3 7o/ 0 is the dose which reduces the survival to 37%.
The active cross section S is given by

ln =  — SD37%n0

and  the m olecular w eight by

MW =  y j r x | - | - j 2 X d X N 0

w here d is the  specific gravity  of the  enzym e and N0 A vogadro’s 
num ber.

MATERIALS AND METHODS

Lysozyme was prepared according to A lderton & Fevold [1], reery- 
stallized several tim es in the  isoelectric form  and dialysed exhaustively  
against distilled  w ater to гетоѵ е  salt. P ro tein  concentration was de te rm 
ined spectrophotom etrically [13]. Ribonuclease was a commercial crysta l- 
line preparation  for which we are  indebted to Dr. L. Ledoux. Its 
absorption spectrum  exhibited a ra tio  of т а х і т и т  to m inim um  extinc- 
tion of 1 .8 , as com pared to 2 . 1  for a sample of A rm our ribonuclease 
[cf. ref. 14], bu t the  specific activi'ty was identioal w ith th a t of the 
A rm our sample.

The enzymes w ere irrad ia ted  in the form of films deposited on 
■circular or rectangular microscope ооѵег glasses, or on alum inium  foil 
(see below). The film s w ere form ed by spreading 50 p-1. of an enzym e 
so lu tion  (4.5 mg./ml.) on about 2.5 cm . 2 of glass o r alum inium  surface
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13] IRRADIATION OF LYSOZYME AND RIBONUCLEASE 283

an d  d r y in g  at 60° in  th e  p r e se n c e  o f  P 2 O5 . U n d er  th e se  c o n d itio n s  th e  
a c t iy i ty  o f  e ith e r  e n z y m e  w a s  f u l ly  r e ta in e d  e v e n  a fte r  s to r a g e  for  o n e  
y e a r  a t room  tem p e ra tu r ę . W h en  a m ix tu r e  o f  b o th  e n z y m e s  w a s to  b e  
ir r a d ia te d , 'the o r ig in a l S o lu tion s w e r e  m a d ę  up to  tw ic e  th e  c o n c e n tr a -  
t io n  a n d  th e  f ilm s  fo rm ed  in  th e  sa m e  w a y  as co n tro l sa m p le s .

Follow ing irradiation the film s were dissolved out into 1 ml. w ater 
and enzymie activities m easured according to m ethods described 
elsew here for lysozym e based on the  rate  of bacterial lysis of Micro- 
coccus lysodeicticus [13], and for ribonuclease utilizing the m etachro- 
m asia of yeast ribonucleic acid w ith  a basie dye, m ethylene blue [14]. 
The specific actiyity of each enzym e was unaffected by the presence 
o f the  o ther, at the concentrations em ployed, w ithin the lim its of e rro r  
o f the  determ ination of enzyme actiyity, about 3°/o.

Irradiation techniąues

D euteron irradiations w ere carried out in the cyclotron of the Insti- 
tu te  of N uclear Research in Kraków, the techniąue used being sim ilar 
to th a t described by Pollard  & F orro  [10]. Ten samples, each deposited 
on an 18-mm. diam eter microscope соѵег glass (or 18-mm. diam eter 
alum inium  foil, see below), w ere d istribu ted  close to and around the 
circum ference of a circular plate  which could be ro tated  so th a t it was 
possible to irradiate 10 samples in tu rn  during one run. The incident 
beam  had  a cu rren t streng th  of 3 X 10' 8  amps. and an initial energy  
of 4.1 MeV. Lower energies w ere obtained by interposition of th in  
alum inium  foils supported on th e  sh u tte r  d irectly  in fron t of the 
appropriate  sample.

The deuteron dose falling on the sample was obtained from  m e- 
asurem ents of the cu rren t to an eąual area on the m etal supporting 
plate, for those instances w here the samples were deposited on glass. 
F or those series w here samples w ere deposited on dises of alum inium  
foil and irrad ia ted  in the same m anner, m easurem ents of cu rren t w ere  
m ade on each sam ple by direct connection of the  in tegrator to the m etal 
supporting plate. The results obtained in th is way w ere in reasonably 
good agreem erit w ith  those obtained by irradiation of samples on соѵег 
glasses.

Two sources w ere used for у -irradiation. One of these was the 
4 000 curie cobalt closed source a t the Institu te  of G eneral Chem istry, 
W arszawa. Twelve samples, deposited on 18-mm. diam eter microscope 
соѵег glasses, as above, w ere located around the circum ference of 
a 90-mm. d iam eter plastic plate. The plate containing the sam ples w as 
placed in a 10-cm. diam eter P e tri dish which was covered and sealed 
w ith  paraffin , and which contained a vial of P 2 O5 to elim inate m oisture.
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The en tire  assem bly was appropriately  positioned in  the  source for 
irrad iation  such th a t all sam ples w ere located on a circum ference over 
which the dose was uniform . Radiation doses were obtained directly  
from  the  periods of exposure ( 8  to 100 hr.). The dose-rate under these 
conditions was 2.75 X 105 r./hr.

Some samples w ere also irrad iated  by  m eans of a specially con- 
s truc ted  open cobalt source of 48 curies [16]. The enzyme films, depo- 
sited on rectangular microscope соѵег glasses, were m ounted para lle l to 
each o ther at various distances below the source on a “scaffold” m ade 
of sheet m etal. The la tte r  w as located inside a m etal cylinder eontaining 
a receptacle w ith P 2 O5 and fitted  w ith  a stopcock, so th a t the  pressure 
in the  in terio r could be reduced to several mm. Hg. Irrad ia tion  tim es 
w ere ra th e r lengthy w ith this smali source, in some instances as m uch 
as 400 hr. for alm ost complete inactivation. For both cobalt sources, 
dose m easurem ents w ere based on the  Fricke dosim eter, w ith G value 
of 1 6 .

RESULTS

Deuteron irradiation

Typical results for deuteron  irradiations are presented graphically  
in Fig. 1 . Since m easurem ents of cu rren t in tensity  were considered to 
be m ore reliable w hen alum inium  foil w as em ployed for supporting  
the enzymes films, only the results of these m easurem ents w ere  used 
in preparing the curves of Fig. 1. The appropriate data are also set fo rth  
in Table 1.

From  Fig. lc, and from  the data in Table 1, it will be observed th a t 
the survival curve for lysozyme alone is steeper than  w hen it is m ixed 
w ith ribonuclease.

T a b l e  1
Z>37% doses and cross sections for deuteron irradiation of lysozym e and 

ribonuclease, irradiated separately and as a m ix ture

Incident
energy
(MeV)

Irrad.
conditions

D 37 % X 1013 D/cm2 Ribonuclease Cross section 
ratio

Ribonuclease Lysozyme
^37% -------------------Lysozyme

4.1 alone — 2.7 1.0 1.0
4.1 alone 2.7
1.1 alone — 1.45 1.0 1.0
1.1 alone 1.44 -
4.1 mixture 2.7 3.27 0.82 1.2
3.2 mixture 1.85 2.5 0.74 1.35
2.1 mixture 1.65 2.3 0.71 1.40

1.1 mixture 1.44 2.16 0.67 1.50

http://rcin.org.pl



[5] IRRADIATION OF LYSOZYME AND RIBONUCLEASE 285

The ratio  of the physically determ ined m olecular weights of ribo- 
nuclease to lysozyme being 0.97, it m ight be expected on th e  basis of 
ta rg e t theory  tha t the ratio  of the ir active cross sections would appro- 
x im ate to th is figurę, assuming, of course, th a t the active cross sections 
are  proportional to m olecular weight. From  the D37% doses for each 
enzym e irrad ia ted  alone, it will be seen (Table 1) th a t the calculated

Fig . 1. D e u te ro n  ir ra d ia tio n  of film s of ly sozym e and  rib o n u c lea se ; (x ), r ib o -  
nu c lea se  a t in c id e n t energ ies  of 1.1 and  4.1 M eV ; (# ), lysozym e a t 1.1 M eV; 
(O), lysozym e a t 4.1 M eV . C urves a  and  b a re  fo r  m ix tu re s  of th e  tw o  enzym es 
in  eq u a l c o n c e n tra tio n s  b y  w eigh t. Сигѵе с is  fo r  lysozym e ir ra d ia te d  alone. 

E ach  p o in t is th e  m ean  of th r e e  in d e p e n d e n t m easu rem en ts

cross sections of bo th  enzym es are identical. Since survival curves for 
th e  two enzym es irrad ia ted  singly were m easured for only two values 
of incident deuteron beam energy, w e cannot d irectly  apply the LET 
(Linear Energy T ransfer) m ethod of Pollard  et al. [1 0 ] to calculations
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of active cross sections and m olecular weights. However, the  very  close 
agreem ent betw een the D370/o values for the two enzymes a t 1.1 MeV 
and 4.1 MeV suggests th a t the  m ethod is applicable. I t  m ight con- 
seąuently  be ooncluded, even in the absence of absolute m easurem ents 
o f active cross sections, th a t ribonuclease possesses the same active 
cross section as lysozyme.

On the o ther hand, the resu lts  obtained w hen both enzym es are 
irrad iated  together cast doubt on the foregoing in terp reta tion  and, 
indeed, on the generał valid ity  of such figures for calculations of active 
cross sections and m olecular w eights except as regards o rder of magni- 
tude. As w ill be observed from  Table 1, the D370/o doses for ribonuclease 
are unaltered  w hen it is irrad ia ted  together w ith lysozyme; b u t the 
yalues for the  la tte r  enzyme undergo considerable modification. As

a result the  calculated cross section ratio  of ribonuclease to lysozyme 
increases w ith decreasing incident energy of the deuteron beam and 
at 1.1 MeV is 50% higher than  the  theoretically  expected value.

Since the D 37% dose for ribonuclease is unaltered, for d ifferent inci
dent energies, w hen irrad iated  in the presence of lysozyme, it follows 
th a t the increase in the foregoing ratio  m ust be due to some protective 
effect of ribonuclease on lysozym e w hen the two are irrad ia ted  together.

Hence, although lysozyme and ribonuclease exhib it the  sam e D370/o 
dose w hen irrad iated  individually  a t d ifferen t incident energies, it is 
ra ther difficult to s ta te  w ith  certa in ty  w hether th e  ratio of their active 
cross sections, w hen  they are irrad ia ted  together, is really  representa- 
tive of the ratio  of the ir “sensitive yolum es” o r w hether it is m erely 
the resu lt of the ir m utual interaction. It appears m ore logical to assume 
th a t at 4 . 1  MeV there  is only a sm aller protective effect of ribonuclease 
on lysozyme, about 2 0 %.

In view of the fact th a t the  D370/o doses for ribonuclease are identical
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w hen it is irrad iated  alone, or in combination w ith lysozyme, it seems 
reasonable to apply the LET m ethod [10] to the  data in the lower half 
of Table 1 to a calculation of “m olecular target size”. From  a curve for 
the dependance of S (active cross section) on energy decrease per 
100 A protein (Fig. 2), the ex trapo la ted  value of S was calculated to be 
0.7 X 10' 14 cm2. The resu ltan t calculated m olecular w eight is 11 000. 
The data for lysozyme, irrad iated  in combination w ith ribonuclease, 
perm it a sim ilar m olecular w eight calculation, which comes to 6  400, 
bu t it is doubtful w hether any significance can be attached  to this 
value in view of the m odifications of the  D370/o values w ith  incident 
deuteron beam energy in the presence of ribonuclease.

y-Irradiations

These were carried  ou t in such a way th a t each plastic plate con- 
tained 4 samples of each enzyme and 4 samples of a m ix tu re  of both. 
The dose survival curves are presented in Fig. 3. Each point therefore

Fig. 3. R esu lts  fo r  Y -irrad ia tio n  of ly sozym e and  rib o n u c lease  (4000 с source): 
(X), ribo n u c lease ; (o), lysozym e. (a), R ib o n u c lease  an d  lysozym e ir ra d ia te d  as 
a m ix tu re ; (b), r ib o n u c lea se  and  lysozym e ir ra d ia te d  sep a ra te ly . E ach p o in t is 

re s u lt  of fo u r  in d e p e n d e n t d e te rm in a tio n s

represents the resu lts of four independent m easurem ents, the  variation 
of which from  the m ean did not exceed 5°/o. In a second series of 
experim ents, w here all samples consisted of a m ixture  of equal eon-
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centrations of both enzym es, each point is the m ean of 1 0  m easurem ents 
w ith m axim um  variations from  the m ean of 5°/o. It is, perhaps, w orth 
draw ing attention to the  fact that, a t Iow residual activities, the  points 
could not be fitted  to the curves b u t w ere displaced vertica lly  to 
h igher values. This was also true  to some ex ten t in the case of deuteron 
irradiations.

The resu lts  shown in Table 2  dem onstrate th a t irrad iation  of the 
sam ples in air is accom panied by some indirect effects, as a conseąuence 
of w hich both enzym es m utually  protect each o ther w hen th ey  are 
irrad ia ted  together. If the percentage protection is expressed in term s 
of the reduction in D370/o doses w hen the enzym es are irrad ia ted  toge
ther, as com pared to irrad iation  singly, then  from  Table 2  it follows 
th a t ribonuclease is protected in the m ixture  to the  ex ten t of 24% 
and lysozym e 44%. I t is because of this m utual protective effect th a t 
the  ratio  of the  D37o- values for the two enzym es is about 0 . 8  w hen 
they  are irrad iated  together. W hen they are irrad ia ted  individually 
th is ratio  is about 1.08.

T a b l e  2

D 37% doses for inactwation, by means of 4000 curie source, of lysozym e, 
ribonuclease and 1 : 1 m ix ture  of the two

RNase alone 
Lysozyme alone 
RNase in mixture 
Lysozyme in mixture

D 37%
(r. X 10-6)

13.0
12.0 
17.2 
21.6

Ratio

RNase alone/lysozyme alone 1.08
RNase in mixture/lysozyme in mixture 0.8
RNase alone/RNase in mixture 0.76
Lysozyme alone/lysozyme in mixture 0.56

W hen m ixtures of the two enzymes were irrad iated  in the smali 
open source, the survival curves w ere not linear, bu t exhib ited  a gra- 
dual “b reak ” at about 40% residual activity, the curves then  showing 
a tendency  to f la tten  ou t for very  high doses. Since, for the  h ighest 
doses used under these conditions, about 6  X 105 r./hr., there rem ains 
som e doubt as to the accuracy of our dosim etry and the positioning 
of the  samples w ith respect to the  source, these have been om itted  
from  the  survival curves, represen tative ones of which are exhib ited  in 
Fig. 4. Note in particu lar th a t When ribonuclease and lysozyme are  pre-
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sen t in eąual concentrations, th e ir ra tes  of inactivation are alm ost iden- 
tical (Fig. 4a); whereas w hen the concentration of lysozyme is increased 
w ith  respect to th a t of ribonuclease, the  rates differ very  m arkedly  
(Fig. 4b), tha t for lysozyme rem aining relatively  unaltered, w hereas 
th a t for ribonuclease is considerably enhanced'. This dependance on 
re la tive  concentrations of the two enzym es testifies to the presence of 
ind irect effects. The resu lts of these experim ents d iffer from those

Fig . 4. R esu lts  fo r  v - i r ra d ia tio n  w ith  48 с apen  so u rce : (X ), r ib o n u c le a se ; (O ), ly 
sozym e. (a), R ibonuc lease  and  lysozym e ir ra d ia te d  as a m ix tu re  of tw o  enzym es 
in  e ą u a l c o n cen tra tio n s  by  w e ig h t, 250 (ig. each  on ta rg e t; (b), r ib o n u c lease  an d  
lysozym e ir ra d ia te d  to g e th e r  in  u n e ą u a l co n cen tra tio n s ; r ib o n u c lease  40 ug. an d

lysozym e 440 ug. on ta rg e t

obtained  w ith th e  large source principally  in th a t samples subm itted  
to d ifferen t doses w ere irrad iated  a t d ifferen t distances, bu t for iden- 
tical periods of time, from  the source; henoe the dose-rate is d iffe ren t 
for each point on the survival curve. The actual variation  in dose-rate 
for the points represented  in Fig. 4b was from 3 X 103 r./hr. to 6  X 104 

r./h r. It is therefore possible th a t the  non-linear form  of the survival 
curves is due, at least in part, to a dose-rate effect.

DISCUSSION

T h e  p r in c ip a l o b je c t iv e  o f  th e  fo r e g o in g  in v e s t ig a t io n  w a s  to  c o m -  
p a re  th e  r e la t iv e  a c t iv e  cr o ss  s e c t io n s  o f  tw o  e n z y m e s , th e  m o le c u la r  
w e ig h t s  o f  w h ic h  h a v e  b e e n  r e a so n a b ly  w e ll  e s ta b lish e d , u n d er  th e  
m o s t  fa v o u r a b le  p o ss ib le  co n d itio n s . S u c h  u n d o u b te d ly  w a s  th e  c a se  
fo r  th e  d e u te r o n  irra d ia tio n s, w h e r e  th e  o n ly  m a jo r  p o ss ib le  so u r c e  o f  
e r r o r  w h e n  b o th  e n z y m e s  w e r e  ir r a d ia te d  to g e th e r  w a s  th a t  in v o lv in g  
th e  m e a su r e m e n ts  o f  e n z y m e  a c t iv it ie s .

F o r  th o se  e x p e r im e n ts  w h e r e  th e  e n z y m e s  w e r e  in d iv id u a lly  ir ra 
d ia te d , th e  c a lc u la te d  ra tio  o f  cro ss  s e c t io n s  fo r  th e  tw o  e n z y m e s , 1.0,
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is in  good agreem ent w ith  th a t obtained from  the ratio  of the m olecular 
weights, 0.97, if we bear in m ind th a t the  values for m easurem ent of 
enzym e activities w ere susceptible to an average e rro r  of less than  5%. 
Since the D370/o doses are calculated from  a num ber of points for each 
enzym e, they should not be in erro r by an am ount g rea ter than  this, 
so th a t the  m axim um  possible e rro r in the D370/i ratio  of the  two enzym es 
should not exceed 1 0 °/o, and is probably less than  this. The calculated 
m olecular weights for the two enzymes, 1 1  0 0 0 , are in reasonably good 
agreem ent w ith those determ ined by o ther methods. I t  is also in the 
correct direction sińce it implies th a t the active cross sections for both 
enzym es are sm aller than  their physical dimensions.

However, the resu lts obtained for lysozyme w hen both enzym es 
w ere irrad iated  together are considerably less satisfactory w hen com
pared  to those for individual irradiation of each enzyme. Since lysozyme 
is apparently  “pro tected” 'when irrad iated  in the presence of ribonuc
lease, it is ąuestionable w hether simple target theory  is really  applicable 
under these circumstances. This resu lt tends to support the contention 
of opponents of the targe t theory to the effect th a t energy tran sfe r of 
some type takes place in the irrad iated  m ateriał, thus invalidating the  
concept of “one-hit one-ta rge t” [8 ].

I t  should be recalled th a t the target theory  im plicitly assumes th a t 
the energy dissipation of ionizing radiations in proteins is sim ilar to 
th a t in gases, viz. 110 eV /prim ary ionization [8 ]. For deuteron irrad ia
tion it was assum ed by Pollard [10, 11] th a t w ith an incident energy 
of 1 . 1  MeV the d istribution of ionizing particles was such th a t one ioni
zation provoked the inactivation of one enzyme molecule. However, 
in specific cases based on the dependance of m olecular active cross 
section on the energy dissipated in 100 A protein  (LET m ethod) lower 
values have been applied, e.g. for pepsin 60 eV/p.i. and for trypsin  
80 eV/p.i. in place of the standard  value of 110 eV/p.i. [11]. Application 
of these corrected values to calculations of the “m olecular ta rge t sizes” 
for pepsin and trypsin, subjected to deuteron irradiation under identical 
conditions, gave values of 39 000 and 30 600 respectively; the ratio  of 
the m olecular target sizes is therefore 1.27, as com pared to a ra tio  of 
1.75 (35 000 to 20 000 [4]) for their physicochemically determ ined mole
cular weights. Since we have no o ther independent m ethod for esti- 
m ation of the  ratio  of m olecular target size to m olecular weight, it is 
d ifficu lt to assess the  validity  of the foregoing m odified values of energy 
dissipation to calculations of the m olecular target sizes for pepsin and 
trypsin.

For m ore densely ionizing radiations, e.g. a-radiation, it is essential 
to introduce corrections for the effect of <5-rays. There is, how ever, 
some disagreem ent as to the m agnitude of this oorrection, the yalues
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used by Deering [3] differing from  that of Lea [8 ] on the basis of a com- 
parison of data obtained by bom bardm ent w ith deuterons and a-radia- 
tion. For the bom bardm ent of trypsin  w ith “stripped nuclei” (light 
atomie ions) it was found necessary to correct the experim ental values 
of energy dissipation per prim ary  ionization by a factor of 15 in o rd e r  
to obtain  results in agreem ent w ith  the physical m olecular weight.

It is conseąuently of in terest th a t in the present investigation, w here 
we have been dealing w ith two enzym es of almost identical m olecular 
weight, the calculated target sizes are alm ost identical when each 
enzym e is irradiated  separately  e ith e r w ith deuterons o r with y -rays 
at a high and constant dose-rate. It is only when the two enzymes are 
irrad iated  together that m arked discrepancies m ake their appearance. 
This is perhaps not en tire ly  unexpected w hen у-irrad iation  was em 
ployed, in view of the presence of oxygen as well as some m oisture (the 
use of P 2O5 even under m oderate vacuum  will not гетоѵ е  appreciable 
ąuantities of adsorbed water), both of which may m arkedly contribute 
to indirect effects. The presence of such indirect effects is most clearly  
attested  to by the m arked m odification in ra te  of inactivation of a m ix- 
tu re  of the two enzymes w hen the ir relative concentrations are  
altered  (Fig. 4). But even w ith the deuteron irradiations, conducted 
under conditions of high vacuum, anomalies appear w hen both enzym es 
are irrad iated  together. W hile “energy tran sfe r” has been invoked. to 
ехріаіп anomalies which have been reported  under such conditions o f 
irradiation, it m ust be borne in m ind th a t еѵеп a high vacuum  will not 
necessarily гетоѵ е  all of the “bound” w ater of a m acrom olecule and 
this may certainly contribute to some “ind irect” action.

Som ewhat curious is the fact th a t our calculated “m olecular target 
size” for ribonuclease is m uch low er than  tha t obtained by Deering [3] 
who irradiated  the enzym e with deuterons at the same incident energy 
and obtained a value for the active cross section twice that of ours 
and a corresponding m olecular w eight of 30 000. Although his m ethod 
for m easurem ent o f enzyme activity differed from ours, and involved 
the spectral estim ation of acid-soluble hydrolysed RN A, it has previously 
been shown th a t the  two m ethods give sim ilar results [14]. There con
seąuently  rem ains only the possibility of a discrepancy in dose m ea
surem ents.

Our results for the  y-irrad iation  of lysozyme are likewise not in fuli 
agreement: w ith those of Shalek & Gillespie [1 2 ]. W ith the 4000 с 
closed source, our D370// dose is 12 X 10fi r. in air as compared to th e ir  
value of 30 X 10е r. in oxygen. The principal difference in conditions 
applied w as that th e ir dose-rate was 7-fold higher than  ours. It is ąu ite  
possible tha t this difference in applied dose-rate in the presence of 
oxygen m ay in whole or in p a rt ехріаіп the discrepancy in resu lts .
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A ttention is draw n once more, in this connection, to the fact th a t under 
the conditions in which the survival curves w ere obtained w ith  the use 
of the sm ali source in the  p resen t work, there  appears to be a net 
dose-rate effect. It should be recalled th a t target theory is applicable 
on ly  when the survival curve is exponential and its slope independent 
of dose-rate [8 ]. There are, however, few instances w here the  influence 
of dose-rate has been exam ined, particu larly  in the case of enzymes.

An exam ination of the various results obtained during the  past ten 
years on calculation of m olecular target sizes by m eans of ionizing 
radiations shows th a t most of the  values are higher than  the  size cal
culated from the known m olecular weights, w hereas the converse should 
be true. I t  is conseąuently  not surprising th a t in terest in th is field has 
been waning. It appears to us th a t a com parison of ta rg e t sizes for 
sim ilar enzymes under identical irradiation conditions m ay ргоѵе m ore 
profitable than  a ttem pting  to m easure absolute values of ta rge t sizes.

We should like to express ou r thanks to Prof. Dr. H. Niewodniczański 
for m aking available the cyclotron of the Institu te  of N uclear Research 
in Kraków; to Mgr. M. Słapa for assistance w ith the deuteron irrad ia- 
tions; and to Doc. St. Ciborowski of the In stitu te  of G eneral Chem istry, 
W arszawa, for perm ission to use the 4000 с cobalt source and Mgr. 
Z. Przybyłowicz for carrying ou t irradiations w ith this source.

SUMMARY

Lysozyme and ribonuclease, two enzym es w ith sim ilar struc tu re  and 
alm ost identical m olecular weights, have been irrad iated  in the  dry state  
w ith deuterons and y-rays. Individual irradiation of each enzym e e ithe r 
w ith deuterons o r y -rays, under identical conditions, shows th a t th e ir 
active cross sections are alm ost identical; and from  the deuteron irra 
diations their m olecular w eights are calculated as 1 1  0 0 0 , so th a t the ir 
active cross sections are about 2 0 %  less than  those calculated directly 
from  the accepted m olecular weights. However, if both enzym es are  
irrad iated  together, in the  form  of a m ixture, anomalies m ake the ir 
appearance in the  form  of a m utual protection of each enzyme by the 
other. This effect is particu larly  pronounced w ith у -irrad iation  and 
under conditions w here some air and m oisture are present; bu t it is 
also present, although to a sm aller ex ten t, w ith  deuteron irradiation 
under conditions of high vacuum . In addition there  is some evidence 
for a dose-rate effect with у -irrad iation  in the presence of air. The 
resu lts  are discussed in relation to the generał valid ity  of application 
of the target theory to absolute calculations of active cross sections and 
m olecular weights. The data are also com pared and discussed in re la 
tion to those of o ther observers.
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NAŚWIETLANIE DEUTERONAMI I PROMIENIAMI у  SUCHYCH PREPARATÓW 
LIZOZYMU I RYBONUKLEAZY

S t r e s z c z e n i e

Dwa enzym y, lizozym i rybonukleazę, posiadające podobną s truk tu rę  
i praw ie taki sam ciężar cząsteczkowy, naśw ietlano w stanie suchym 
deuteronam i i prom ieniam i y. N aśw ietlanie każdego z tych enzymów 
osobno w identycznych w arunkach wykazało, że powierzchnie ich prze
krojów czynnych są praw ie identyczne. Ciężar cząsteczkowy obliczony 
z wyników naśw ietlania deuteronam i wynosił 1 1  0 0 0 ; wskazywałoby 
to, że przekrój czynny jest o około 2 0 %  m niejszy niż przekrój obli
czony z ogólnie przyjętego ciężaru cząsteczkowego. Jednakże przy na
św ietlaniu  m ieszaniny obu enzym ów zachodzą pewne odchylenia spo
wodowane w zajem nym  w pływ em  ochronnym  jednego enzym u na drugi. 
W pływ ten  w ystępuje zwłaszcza przy naśw ietlaniu prom ieniam i у 
w obecności resztek pow ietrza i wilgoci, a w  m niejszym  stopniu przy 
działaniu deuteronam i w  wysokiej próżni. Ponadto uzyskano dane 
o wpływie szybkości dawkow ania prom ieniow ania w obecności powie
trza na szybkość inaktyw acji enzymów.

W świetle uzyskanych w yników  przedyskutow ano ogólną przydatność 
teorii „ tarczy” do obliczania bezwzględnych w artości przekrojów  czyn
nych i ciężaru cząsteczkowego oraz przeprow adzono porów nanie z da
nym i uzyskanym i przez innych badaczy.
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In a prelim inary  com m unication [10] it has been reported  th a t with 
sulphosalicylic acid some proteins could be ex tracted  from  anim al 
tissues, which in paper electrophoresis at pH 8 . 6  m igrated tow ard the 
cathode. These p ro te in  fractions have not been observed by w orkers 
using different ex trac tin g  media, i. e. w ater alkalized to pH 7.8 (Cara- 
vaglios & F ranzini [3]), sodium chloride solution (Dallam [4]), ѵегопаі 
buffer, pH 8 . 6  (Pellegrino & Toreigliani [9]), sucrose solution (Adju- 
tan tis  [1]), 0.15 M-potassium chloride (Belajewa [2]). It was only with 
diluted hydrochloric o r sulphuric acid th a t Dallam [4] and Wolfe & Mc 
Ilwain [1 1 ] ex tracted  from  celi nuclei proteins having the properties 
of histones and m igrating  tow ard the cathode.

The purpose of the  present study was to find ou t w hether the ca- 
thodic, sulphosalicylic acid-soluble proteins orig inated  from nuclei or 
from  o ther celi particles.

MATERIALS AND M ETHODS

Celi fractionp. Hog kidneys w ere rem oved about 10 min. after 
the anim al had been killed, and were transported  in ice to the labora- 
tory. Then the  capsule, fat and renal pelvis were discarded, and the 
tissue w as hom ogenized w ith 10 vol. of 0.25 м-sucrose solution in 
a W arring blendor for 2 min. The hom ogenate was filtered  through 
2  layers of gauze, and centrifuged at 0 ° to separate celi particles. The 
nuclei were sedimented. a t 800 g a fte r 1 0  min., the heavy m itochondria 
a t 10 000 g, 1 0  m in., and light m itochondria at 25 0 0 0  g, 10 min. The 
rem aining su p ern a tan t which contained cytoplasm  and microsomes was 
called the cytoplasm ic fraction. The sedim ented subcellular fractions 
w ere washed tw ice (the nuclei sometim es 5 times) w ith 0.25 M-sucrose 
solution. The w ashings w ere discarded, except in experim ents in which 
the proteins w ere ex tracted  from  washings. In those experim ents the 
nuclei obtained from  2 hog kidneys were w ashed w ith about 300 ml.
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of sucrose solution. A fter washing the  solution was centrifuged a t 
25 000 g and the superna tan t used again for washing the  nuclei. This 
procedurę was repeated twice.

Extraction w ith  sulphosalicylic acid and sulphuric acid. Ali mani- 
pulations w ere carried  ou t at 0  - 1 0 °. The total kidney hom ogenate and 
the subcellular fractions w ere ex trac ted  w ith 0 . 2  N-sulphosalicylic acid 
(SSA). The am ount of the  ex tracted  protein  did not increase when 
higher concentrations of the acid w ere used. The ex traction  was car
ried  out as follows. To the  hom ogenate and the cytoplasm ic fraction 
appropriate am ounts of 4 n-SSA w ere added; the nuclei and m itochon- 
dria were firs t suspended in 4 vol. of w ater and nex t 5 vol. of 0.4 n-SSA 
was added. Then the m ixtures w ere homogenized for 3 min. and after 
30 min. the  ex tracts w ere centrifuged for 10 min. at 1500 g, th e  super
n a tan t filtered  through W hatm an no. 3 paper, and the proteins present 
in the solution concentrated.

Histones w ere ex trac ted  from  nuclei w ith 0 . 2  N-H2 SO4 [1 1 ] by ho- 
mogenizing the nuclei w ith  the acid in an ice-cooled P o tte r apparatus 
for 10 min. The solution was kept for 1 hr. in the refrigerato r, homo
genized again and centrifuged a t 800 g. The superna tan t w as filtered 
and adjusted to pH 6.5 w ith sodium hydroxide solution. The “neutral 
p recip ita te” form ed was discarded, and the elear f iltra te  containing 
protein was concentrated.

Concentration of extracted proteins. This was done according to the 
M ejbaum -K atzenellenbogen tannin-caffeine m ethod [7]. I t  was found 
th a t from the SSA ex trac ts  the  pro teins could be com pletely precipi- 
tated  already a t the ratio  of protein  to tann in  1 : 0.5, if the  Solutions 
were brought to pH betw een 3 and 7 (Fig. 1). A t the ratios of protein

Fig . 1. T he e ffe c t of pH  on th e  p re c ip ita -  
tio n  w ith  ta n n in  of p ro te in s  so lub le  in  su l-  
phosa licy lic  acid. To 1.8 ml. of b u ffe r  [7] 
a t d if fe re n t pH , 0.1 m l. of p ro te in  e x tr a c -  
te d  w ith  su lphosa licy lic  acid (150 g,g.) and  
0.1 m l. of 0.075°/o ta n n in  so lu tio n  w e re  
added . H alf an  h o u r la te r  ta n n in -p ro te in  
p re c ip ita te  w as c e n tr ifu g ed  off and  th e  
p ro te in  w as  d e te rm in ed  in  th e  su p e rn a ta n t 
by  th e  ta n n in  tu rb id im e tr ic  m e th o d  [6]. T he 

p ro te in  to  ta n n in  ra t io  w as  1 :0.5

to tannin  1 : 1 , o r 1 : 2  the  precipitation occurred at an even w ider 
rangę of pH. Therefore the  SSA ex trac ts  w ere brought to pH 4 - 6 ,  and 
the proteins w ere precipitated  w ith the two-fold am ount of tannin.
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Fig. 2. P a p e r  e lec tro p h o ro g ram s of
(1), p ro te in s  e x tra c te d  w ith  su lp h o - 
sa licy lic  acid  fro m  hog k id n ey  h o - 
m og en a te , an d  (2), w ho le  hog se
rum . (A) and  (B), p ro te in  cathodic 

f ra c tio n s

Fig. 3. P a p e r  e le c tro p h o ro g ram s of 
hog k id n ey  nu c le i p ro te in s , (1), 
e x tra c te d  w ith  0.2 N -su lphosalicy - 
lic  acid  (300 ug. p ro te in ), and (2), 
e x tra c te d  w ith  0.2 n -H 2SO/, (150 ug. 

p ro te in )

Fig. 4. T he e lec tro p h o re tic  se p a ra tio n  of 
p ro te in s  e x tra c te d  w ith  su lphosalicy lic  
acid  from  (1), n u c le i-f re e  h om ogenate ;
(2), m ito ch o n d ria  (frac tio n  800 -  25 000 g);

(3), cy top lasm ic  frac tio n
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The regeneration  of proteins w ith  caffeine was carried out as indicated 
by M ejbaum -K atzenellenbogen a t the  ratio  of protein  to caffeine 1 : 2  [7]. 
The ob tained  concentrated solution contained 2  - 4% proteins.

Paper electrophoresis. The concentrated  protein  Solutions w ere sub- 
m itted  to electrophoresis on W hatm an no. 1 paper (3 X 28 cm. strips) 
in ѵегопаі buffer, pH 8 .6 , I 0.05 [8 ]. About 1 0 -5 0  м-l. of the  solution, 
corresponding to 0 .5 -1  mg. of protein, w as placed 2  cm. from  the 
centre tow ard  the cathode on strips m oistened w ith  buffer. The voltage 
of 2 0 0  v w as used, and the separation lasted 6 - 7  hr. Then the strips 
w ere d ried  a t 105° for 15 min. and stained w ith bromophenol blue. 
The ind iv idual fractions w ere cut out, e lu ted  w ith  0.1 N-NaOH, and 
their ąu an titie s  calculated from  the extinction at 590 іш  on the assump- 
tion th a t the concentration of pro tein  is directly proportional to the  
am ount of dye combined w ith the pro tein  [8 ].

D eterm ination of proteins. This was done w ith the  tannin  turbidi- 
m etric  m ethod according to M ejbaum -K atzenellenbogen [6 ], except for 
electrophoretic  fractions as described above.

Reagents. T ann in  and caffeine were products of Cefarm, W arszawa; 
sulphosalicylic acid, Unia, W arszawa.

RESULTS

P ro te ins ex tracted  from  whole kidney homogenate w ith sulpho
salicylic acid w ere  separated by paper electrophoresis at pH 8 . 6  into 
several fractions, some of which (20 - 30% of protein) m igrated tow ard 
the cathode (Fig. 2 ).

T a b l e  1
The ef fect  of washing o,n the am ount of protein extracted w ith  sul

phosalicylic acid from  hog kidney nuclei 
The iso la ted  n u c le i w e re  w ashed  w ith  500 m l. p o rtio n s  of 0.25 м -su c ro se  so lu tion

Nuclei Extracted protein 
(mg./ЮО g. nuclei)

N on washed 100-150
W ashed 2 times 30-50

1 Washed 5 times 6 -1 3

Electrophorogram s of proteins ex tracted  from  isolated nuclei w ith  
SSA and w ith  H 2 SO 4 indicated th a t the  SSA-soluble proteins w ere not 
histones (Fig. 3), and it could be seen th a t they were the same as the 
fractions p resen t in the w hole hom ogenate. The am ounts of protein 
ex tracted  w ith  SSA from  nuclei were m uch sm aller than  those found 
in the w hole hom ogenate (5 -10% ). Могеоѵег, w hen the nuclei w ere
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washed several tim es w ith sucrose solution, the  am ount of SSA -extract- 
ab le  proteins decreased about 10 tim es (Table 1).

This allowed to assum e th a t the cathodic protein  fraction did not
orig inate  from  the nuclei but from  a contam ination w ith o ther subcel- 
lu lar particles o r еѵепі in tact cells which could be washed ou t w ith 
sucrose solution.

W hen the protein ex trac ts  of o th er subcellular fractions w ere exa- 
m ined it was found th a t the protein  moving fastest tow ard the cathode 
(m arked A  on the Figures) occurred only in the m itochondria, w hereas 
it did not occur in the cytoplasmic fraction (Fig. 4). The anodic frac
tions d id  not occur in the m itochondria bu t were found only in the 
nuclei-free homogenate and in the supernatan t after centrifugation at 
25 000 g.

T a b l e  2
The am ount of total protein and of fraction  A extracted w ith sulpho-

salicylic acid from  cellular fractions
T h e  ca th o d ic  fra c tio n  A (fa s te s t mov-ing) is g iven  as pe ircen tage  of to ta l e x tr a c te d  

p ro te in . T he f ig u re s  re p re se n t th e  m ean  fro m  tw o  exi>erim ents

Cellular fraction Protein 
(mg./l g. dry wt.)

1
Fraction A

(%)

Nuclei washed 2 times 0.12 60
Nuclei-free homogenate 3.8 35
Mitochondria sedimented

at 800 - 25 000 g 3.2 68
Cytoplasmic fraction

(supernatant at 25 000 g) 1.1 0.03

The data in Table 2  complete the resu lts presented in Fig. 4; it can 
be seen th a t proteins soluble in SSA w ere ex traeted  from  nuclei in 
ąuantities about 2 0  tim es sm aller than from  mitochondria.

DISCUSSION

The obtained results show th a t the fastest moving cathodic frac
tion A  could be ex traeted  w ith  sulphosalicylic acid from the m ito
chondria, b u t was absent in the superna tan t after the kidney homo
genate had been centrifuged a t 25 000 g. This supernatan t consisted of 
microsomes and cytoplasm. It can be assum ed th a t a p a rt of the  m icro- 
somes w as spun down together w ith ligh t m itochondria, bu t the m ajor- 
ity of m icrosomes did not sedim ent. Therefore, the  fact tha t in the 
superna tan t at 25 000 g the fraction A  was not observed shows th a t 
e ither th is fraction is not p resen t in the microsomes o r cannot be 
ex tracted  from  them  w ith SSA.

298
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The resu lts presented in Table 2 show th a t fraction A forms about 
30% of the total proteirts ex tractab le  w ith SSA from  the nuclei-free 
hom ogenate, and about 60% of proteins ex tractab le  from  m itochondria. 
These figures are approxim ate, firs t because the separation by means 
of paper electrophoresis is not very  accurate, secondly because the cal- 
culations 'were based on the assum ption th a t d ifferent protein  fractions 
uniform ly absorb brom ophenol blue, and th is is not alw ays true. The 
determ ination  of the d ry  w eight of cellu lar fractions carries also a cer- 
tain  e rro r, as a correction for the content of sucrose should be intro- 
dueed. The presence of the  cathodic fraction in the ' SSA ex tracts of 
nuclei is probably due to an adm ix ture  of m itochondria o r  of intact 
cells, o r  to the ex traction  of histones.

The dem onstration of cathodic proteins in m itochondria makes it 
possible to carry  on fu rth e r w ork on their isolation and the  determ ina
tion of the ir amino acidic composition.

SUMMARY

P ro te ins m igra ting  tow ard the cathode a t pH 8.6 w ere found in hog 
kidney m itochondria. These proteins separated  into several fractions; 
the fastest moving fraction am ounted to 60%.

R E F E R E N C E S

[1] A d ju ta n t is  G. -  N a tu rę  174, 1054, 1959.
[2] B e la je w a  E. M. -  B ioch im ia  26, 1059, 1961.
[3] C a rav ag lio s  R. & F ra n z in i C. -  E xptl .  Celi. Res. 17, 22, 1959.
[4] D a llam  D. R. -  A rch .  B lochem . B iophys .  54, 24, 1955.
[5] D av ison  P. F. -  B lochem . J.  66, 703, 1957.
[6] M e jb au m -K a tzen e llen b o g en  W. -  A c ta  B iochim . Polon. 2, 279, 1955.
[7] M ejibaum -K atzene llenbogen  W. -  A c ta  Bioch im . Polon.  6, 385, 1959.
[8] P luk th iun  H. & G o ttin g  H. -  K lin . W schr.  29, 415, 1951.
[9] P e lle g rin o  C. & T o re ig lia n i A. -  E xp e r ie n t ia  12, 26, 1956.

[10] R zeczyck i W. & H illa r  M. -  V th  In te rna tio na l  Congress  o f  B io ch em is try ,  
M osaow  1961, 21. 41, P e rg am o n  P re ss .

[11] W olfe L. S. & M c llw a in  H. -  B iochem . J. 78, 34, 1961.

B IA Ł K A  K A TO D O W E M ITO C H O N D R IÓ W  N E R K I W IE P R Z A

S t r e s z c z e n i e

W m itochondriach nerki w ieprza stw ierdzono białka w ędrujące do 
katody  przy  pH 8,6. Białka te dzieliły  się na kilka frakcji, z których 
najszybciej w ędru jąca do katody stanow iła 60%.
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