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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. X  1963 No. 2

J. ROGULSKI and S. ANGIELSKI 

EFFECT OF MALEIC ACID ON THE KIDNEY

III. SUCCINATE AS HYDROGEN DONOR IN THE REDUCTIVE AM INATION
IN RAT KIDNEY

D e p a r tm e n t  o j  B iochem istry ,  Medical School, Gdańsk, and Insti tu te  o j B iochem istry  
and Biophysics, Polish A c a d em y  oj Sciences

It is generally accepted tha t the  synthesis of glu tam ate in the 
presence of am m onia is due  to the  dism utation of a-ketoglu tarate [13]. 
As fu rth e r hydrogen donors for reductive am ination citrate  and m alate 
w ere recognized [13, 14]. It has been recen tly  dem onstrated  tha t 
succinate can ind irectly  participate  in th is reaction [8 , 11, 17]. The 
present paper describes a study  of the  ro le of succinate and  other 
substra tes in  the  synthesis of am ino acids by ra t kidney m itochondria.

MATERIALS AND METHODS

Rat kidney m itochondria .were prepared  in  0.25 м-sucrose according 
to Hogeboom [10]. P a r t of the  experim ents w ere perform ed not on 
m itochondria but on the suspensions of washed celi particles of ra t 
kidney and  Ііѵег which w ere  prepared as previously described [15]. 
Respiration was m easured by th e  conventional W arburg m ethod, and 
the reaction w as stopped by the  addition of trichloroacetic acid or 
ethanol. The m ix tu re  was centrifuged  and  in  th e  protein-free super- 
n a tan t am ino nitrogen (Yemm & Cocking [19]), ketoacids (Friedm ann 
& Haugen [9]) and citrate  (Beutler & Yeh [2]) were estim ated. The 
results w ere calculated in  umoles per gram  wet tissue per hour.

RESULTS

As shown in Table 1, th e  addition of ATP to washed kidney celi 
particles doubled the d isappearance of ketoglu tarate, and the  addition 
of am m onia induced a fu rth e r increase of ketog lu tara te  utilization 
corresponding to  the am ount of amino acids form ed. Closer exam ination 
of the  influence of ATP (Table 2) has shown th a t the  relation betw een 
amino acid synthesis and ATP concentration was linear in th e  rangę 
from  1 to  5 umoles ATP per 3 m l. of the  reaction m ixture, and  1 umole 
of the  added ATP corresponded to 2um oles of am ino acids formed.
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126 J. ROGULSKI and S. ANGIELSKI

T a b l e  1

Effect  of A T P  and ammonia on a-ketoglutarate consumption in rat
kidney

Each vessel contained in a finał volum e of 3 ml.: 75 pm oles of tris buffer, pH 7.2; 
100 pm oles KC1; 1.5 pmole M gS 04; 1.5 pm ole EDTA; 60 pm oles ketoglutarate and 
1 ml. suspension of w ashed celi particles from  200 mg. of w et tissue w t. Besides 
w here indicated 5 pm oles ATP, and/or 60 pm oles NH 4C1 w ere added. The incubation  
w as carried out in an atm osphere of air at 38° for 60 min. w ith  continuous shaking. 
The results are calculated per gram w et tissue. Mean values from  6 experim ents,

±  SD are given.

Ketoglutarate consumption N-NH2 formed
Addition (|j.moles/g. tissue/hr.) (umoles/g. tis

Without NH4 With NH +4 Л sue/hr.)

None 95.5 ±  8.5 106.0 ±  7.0 10.5 9.5 ±  1.0
ATP 221.0 ±  9.5 270.5 ±  9.0 49.5 50.0 ±  3.5

The dependence, however, of ketoglu tarate  consumption on the am ount 
of added ATP did  not show linear correlation. As no direct relation 
betw een the increased ketoglutarate consum ption and  the form ation of 
am ino acids was found, it seems possible th a t ATP enables in some 
w ay the participation of the  ketoglu tarate oxidation prcducts (suecinate 
and m alate) in reductive amination.

T a b l e  2

Effect  of the amount of ATP added on a-ketoglutarate consumption  
and amino acid synthesis in rat kidney  

The experim ental conditions as described in Table 1, except that am m onia w as 
added to a ll sam ples. Mean values from  6 experim ents, ±  SD are given.

ATP
(|i.moles/sampIe)

Ketoglutarate
consumption

N-NH2 formed
Ratio: 

ketoglutarate

([i.moles/200 mg wet tissue/hr.) n - n h 2

0 21.0 ± 3 .0 2.1 ±  0.2 10.0
1 >8.0 ± 3 .5 4.1 ± 0 .3 9.25
3 48.0 ±  4.0 7.8 ± 0 .5 6.15
5 53.5 ±  3.3 10.9 ±  1.1 4.9

10 58.0 ±  1.9 13.9 ±  1.2 4.15

To verifv the above supposition, experim ents were made in which 
m alonate was used to suppress the oxidation of suecinate and m a
late form ed from a-ketoglutarate, thus preventing their possible pa rti
cipation in the  synthesis of am ino acids. In Ііѵег celi particles, keto
g lu tarate  consumption was not changed in the  presence of m alonate. 
The synthesis of amino acids was by one half lower, and the  addition 
of ATP was w ithout any effect (Table 3), as contrasted 'With the system
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[3 ] EFFECT CF MALEATE ON K IDNEY. III. 127

w ith o u t m alonate w here the  addition of ATP increased the  form ation 
of am ino acids and led to the  lowering of the  ra tio  of ke toglu tarate  
consum ption to the  increase of amino nitrogen, from 1.75 to 1.25. 
In  th is case th e  bulk  of ketog lu tara te  served as substra te  for the  
reductive  am ination w hereas hydrogen was derived from  o ther sources. 
The reactions supplying hydrogen contributed also to the  reductive 
am ination  even in the  absence of ATP.

T a b l e  3

Efject  of ATP  and malonate on amino acid synthesis from a-ketoglutarate
in rat k idney and Ііѵег

T he experim ental conditions as described in Tables 1 and 2. Mean values from  
5 - 7  experim ents, ±  SD are given.

Kidney Liver

Addition
(jamoles/sam-

ple)

Ketoglutara
te consum

ption

n - n h 2
formed

Ratio:
ketoglu

tarate

Ketogluta
rate con
sumption

n - n h 2
formed

Ratio:
ketoglu

tarate

((jimoles/g. tissue/hr.) n - n h 2 (pL moles/g. tissue/hr.) n - n h 2

' None 84.0 ±  3.5 7.0 ±  0.9 12.0 298.0 ±  8.0 168.0 ±  15.0 1.75
Malonate (100) 93.0 ±  4.5 7.5 ±  1.0 12.4 289.0 ±  7.5 75.5 ±  10.0 3.8
ATP (5) 269.0 ±  17.0 59.0 ±  4.8 4.6 300.0 ±  2.0 237.0 ±  21.0 1.25
Malonate (100) 
+  ATP (5) 206.0 ±  23.5 17.0 ±  1.5 12.1 296.0 ±  3.5 68.5 ±  4.5 4.4

Experim ents w ith kidney gave a d ifferent p icture  (Table 3). In th e  
presence of m alonate th e  addition of ATP doubled both the disap- 
pearance of ketog lu tara te  and the form ation of am ino acids. W ithout 
m alonate added, ATP caused fivefold or even greater increase of am ino 
-acid synthesis. The difference in the  yield of the  synthesized am ino 
acids with and w ithout m alonate was about 42 u-moles; also the con
sum ption of ketog lu tara te  was lowered by nearly  the  sam e value by th e  
presence of m alonate. W ithout ATP the consum ption of ketog lu tarate  
in the  presence of m alonate was the sam e as w ithout ammonia, i. e. 
93 umoles (Tables 3 and 1). Therefore it seems justified  to assum e that 
in ra t kidney, m alonate inhibited  the  synthesis of amino acids from  
ketoglu tarate  and am m onia even in the presence of ATP.

As these results indicated tha t the  effect of ATP on the synthesis 
of am ino acids m ust indeed concern o ther reactions than  the dism utation 
of ketoglutarate, the ro le of succinate and m alate  in the reductive 
am ination of ke tog lu tara te  in ra t kidney was examined.

Suceinate-linked NAD reduction in aerobic m itochondria had  been 
originally  described by Chance & H ollunger [5]. M ore recently  E rnster 
[8 ], K lingenberg [11,12] and S later et al. [17] applied the reductive 
am ination of ketog lu tara te  as NADH 2 trapping  system . To prevent the
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128 J. ROGULSKI and S . ANGIELSKI [4]

oxidation of ketoglutarate, S later et al. [17] and  Snoswell [18] used 
arsenite.

In o u r previous work [1] we have found tha t in ra t  kidney mito
chondria, m aleate a t 3 X 10~ 3 м concentration inhibited completely 
ketog lu tara te  oxidation but had no effect on succinate oxidation and  on 
g lutam ate dehydrogenase. Therefore in  the experim ents on the ro le of 
succinate and  m alate we have used m aleate instead of arsenite.

T a b 1 e 4

Succinate as hydrogen donor in the reductiue amination in rat kidney
mitochondria

Each Warburg vessel contained in a finał volum e of 3m l:. 100 pm oles 0f tris 
buffer, pH 7.2, 30 pm oles KC1, 4 pmoles EDTA, 40 pm oles phosphate buffer, pH 7.2, 
6 p,moles MgCl2, 5 pm oles ATP, 60 pm oles NH4CI, 125 pm oles sucrose and 0.5 ml. 
of m itochondrial suspension from 500 mg. of tissue. Other additions w ere: a -k eto - 
glutarate 60 pm oles, succinate 60 pm oles, m aleate 9 pm oles, arsenite 3 pmoles. 
Incubation tim e 60 min. at 30° in an atm osphere of air. Mean values from  4 - 9

experim ents, ±  SD are given.

Oxygen
Ketoglutarate n - n h 2 Ratio:

Addition uptake
consumption ketoglutarate

([ag. atoms) (jamoles/g. tissue/hr.) N-NH2

None 5.4 ±  0.2 __ 10.6 ±  2.6
!

a-Ketoglutarate 75.0 ±  5.8 101.8 ±  13.0 38.2 ±  5.3 2.65
a-Ketoglutarate +  maleate 12.4 ±  1.1 12.0 ±  1.5 10.3 ±  2.1
Succinate 79.4 ±  3.0 — 12.2 ±  2.8
Succinate +  maleate 74.6 ±  5.5 — 12.0 ±  3.0
a-Ketoglutarate +  succinate 83.2 ±  7.0 97.2 ± 1 1 .5 42.2 ±  4.5 2.3
a-Ketoglutarate +  succinate +

+  maleaie 73.0 ±  4.5 45.6 ±  7.8 36.8 ±  2.5 1.25
a-Ketoglutarate +  arsenite* 7.0 14.8** 9.8
a-Ketoglutarate +  succinate +

+  arsenite 66.6 +  4.0 31.0 ±  3.9** 28.4 ±  3.2

* O ne exp erim en t.
** E nzym ie d eterm in a tio n  [16]

As can be seen from Table 4 the addition of succinate together with 
ketog lu tara te  to kidney m itochondria had no significant effect on 
oxygen uptake, amino acid form ation and ketog lu tara te  consum ption. 
The addition of m aleate to such a system  had v irtua lly  no effect on 
oxygen up take and am ino acid synthesis but brought about a con- 
siderable decrease of ketoglu tarate  disappearance. The ratio of keto
g lu tarate  consum ption to N-NH 2 form ation w as 1.25 indicating tha t 
alm ost all m etabolized ketoglu tarate  underw ent reductive am ination.

W hen in  the  presence of succinate, arsen ite  instead of m aleate was 
used as inhibitor of ketoglutarate oxidation, the  synthesis of am ino
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15] EFFECT OF MALEATE ON K IDNEY. III. 1 2 9

acids .was definitely  lower th an  with m aleate. This indicates th a t in  ra t  
k idney  m itochondria m aleate be tter than  a rsen ite  can setrve as a tool 
fo r the  study of reductive am ination of ke tog lu tara te  in the  presence 
<of succinate or anothbr hydrogen donor.

In experim ents w ith arsen ite  the  application of th e  enzymie m ethod 
[16] for the  determ ination  of ke tog lu tara te  was necessary. The used 
Friedm ann-H augen m ethod is not specific for ke tog lu tara te  as it 
de term ines the to ta l am ount of ketoacids. A rsenite, in  contrast to 
m aleate, inh ib its the  py ruvate  oxidase to  the  sam e degree as the keto
g lu ta ra te  oxidase. Thus, in the  ineubation m ix tu re  containing succinate, 
th e re  m ay  be an  accum ulation of pyruvate  and  even oxaloacetater 
an d  the  am ount of ketoacids m ay inerease even above the  am ount o f 
ke tog lu ta ra te  added. It should be pointed out th a t in  a ll o ther types 
of experim ents presented in  Table 4, the  am ount of ketoacids determ ined 
by  Friedm ann-H augen m ethod agreed well w ith the  am ount of keto
g lu ta ra te  determ ined enzymically.

T a b l e  5

Malate as hydrogen donor in the reductive amination in rat k idney
mitochondria

E xperim ental conditions as described in Table 4. Other additions: ketoglutarate- 
60 pm oles and m alate 60 pm oles. F inał concentrations of m aleate as indicated in the  

Table. M ean values from  4 - 5  experim ents, ±  SD are given.

Addition
Oxygen uptake n - n h 2

[ag. atoms [amoles 
per g. wet tissue/hr.

None
Malate
Malate +  maleate (3 х 10-3  m ) 

Malate +  maleate (5 х 10-4  m ) 

a-Ketoglutarate +  malate 
a-Ketoglutarate +  malate +  maleate 

(3 x 10-3  m ) 

a-Ketoglutarate +  malate +  maleate 
(5 x 10-4  m )

6.0 ±  0.4 
74.6 ±  9.1
21.4 ±  2.5
63.5 ±  5.0
86.6 ±  4.8

33.2 ±  2.1

69.3 ±  5.3

10.8 ±  2.0
11.2 ±  0.9
10.2 ±  0.5 
10.6 ±  0.9 
35.4 ±  5.2

16.0 ±  2.9

16.9 ±  2.0

Sim ilarly as the  addition of succinate, also the  addition of m alate 
(Table 5) to a system  containing ketog lu tara te  and  am m onia did not 
influence m arkedly  the synthesis of am ino acids. However, in the  
presence of m aleate a t the  sam e concentration as in the  experim ents 
with succinate (3 X 10- З м) a considerable decrease of amino, acid form a- 
tion w as observed, but th is effect m ay be in te rp re ted  as a result of 
decreased m ala te  oxidation (about 6 8 %  inhibition). Therefore a sm aller 
concentration of m aleate w as used (5 X 10- 4 m) which still inhibited 
ketoglutarate oxidation but had  y irtua lly  no effect on m alate  oxidation.
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J. ROGULSKI and S. ANGIELSKI [6]

In  this case the  oxygen uptake was only slightly  inhibited w hereas the 
am ino acid form ation was smali, like in experim ents w ith higher 
concentration of maleate. This resu lt indicates that in kidney, m alate 
even in the  presence of amm onia and ATP is preferentially  oxidized 
via  the  respiratory  chain.

By comparing the amounts of amino acids form ed with succinate 
and  with m alate as hydrogen donors under conditions in which there 
was no decrease of the oxidation of these substrates we may estim ate 
to  w hat degree succinate on the  one hand, and m alate on th e  other 
contribute to the  synthesis of amino acids (see Tables 4 and 5).

It seems th a t in ra t kidney mitochondria the  succinate-linked reduc- 
tion of NAD can take  a great part in the  reductive am ination of keto- 
.glutarate, w hereas the  oxidation of m alate is less im portant for this 
reaction. The participation of succinate, however, is possible only in the 
presence of added ATP.

T a b l e  6

Synthesis oj amino acids from citrate in rat kidney  
The experim ental conditions as described in Table 1 except that 60 p.moles of 
citrate, instead of ketoglutarate, and 30 ^moles of m aleate w ere added, A TP was 
added in the am ount of 5 ^m oles/sam ple. Mean values from 5 experim ents,

±  SD are given.

Addition
Citrate

consumption
Ketoglutarate

found
Cale.

consumption
n - n h 2
formed

Ratio:
ketoglutarate

n - n h 2
(fi.moles/g. tissue/hr.)

None
ATP

188.0 ±  19.1 
226.5 ±  21.5

137.0 ±  13.5
159.0 ±  13.1

51.0
67.0

46.0 ±  5.2
56.0 ±  3.1

1.1
1.2

In  k idney the oxidation of isocitrate is also an im portant source 
of hydrogen for the reductive am ination of ketoglu tarate as it was 
show n in the previous paper [14]. The am ounts of amino acids form ed 
from  the  added citrate were even greater than  when ketoglu tarate was 
used. Since those experim ents w ere  carried out in the  presence of ATP, 
the  ąuestion arose whether this addition was indispensable. The data 
reported  in Table 6  indicate that the synthesis of amino acids from  
citrate  m ay also proceed without the addition of ATP.

DISCUSSION

In this and o ther papers of this series [15, 14] an attem pt was m ade 
to  dem onstrate the  participation of various reactions providing hydrogen 
for the  reduetive amination of ketoglu tarate in ra t kidney and Ііѵег.

From  the obtained results it can be concluded that in kidney, even 
in the  presence of ammonia, the  oxidation of ketoglu tarate is for the

30
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17] EFFECT OF MALEATE ON KIDNEY. III. 131

most part connected d irectly  w ith  the  resp iratory  chain. K etoglutarate 
m ay serve also as a source of the  carbon skeleton for g lu tam ate syn- 
thesis, but not as a hydrogen donor for reductive am ination. For the last 
reaction, c itrate  should be nam ed in the  first place:

C itrate  +  NH 3  > g lutam ate +  C 0 2

In th is reaction the  g lutam ate synthesis does not reąu ire  ATP, and 
proceeds efficiently  due to' the  very  active c itra te  m etabolism  in the 
kidney, and  to th e  fact th a t oxidation of isocitrate  gives ketoglu tarate  
and NADPH 2 which both a re  substra tes  for the reductive am ination.

In the controlled sta te  of m itochondria (state 4 of Chance [7]) w hen 
sufficient ATP is supplied the addition of succinate to' the  m itochondrial 
suspension brings about the  reduction of NAD [5, 5a, 6 , 18]. This succi- 
na te-linked  reduction of NAD is in terp re ted  as a reversal of oxidative 
phosphorylation by ATP [4, cf. also 3] and m ay be coupled w ith the 
reductive am ination of ke toglu tarate  (Ernster [8 ], K lingenberg [11, 121 
and  S later et al. [17]).

K etog lu tara te  +  succinate -f NH3— — —> glu tam ate +  fum arate  
T he am ount of amino acids form ed in the  kidney in th is reaction may 
be ra th e r considerable. U nder certain  conditions, e.g. in  ra ts  treated  
w ith m aleate, this reaction can serve even as a basie reaction for the  
synthesis of am ino acids.

The dism utation  of ketog lu tara te  which is generally  regarded as the 
m ain pathw ay of g lu tam ate synthesis seems to play a m inor ro le in  rat 
kidney. The inereased form ation of am ino acids from  ketoglu tarate 
in the  presence of ATP m ay be explained by the fact tha t ATP enables 
the participation of succinate in the  reductive am ination.

M alate seems to have little  significance in reductive am ination. 
Its contribution to the  synthesis of am ino acids is ra th e r  to provide 
oxaloacetate or pyruvate  as substra tes for transam ination  with g lu ta
mate.

In ra t Ііѵег, in contrast to  the  kidney, fundam ental ro le in the 
reductive am ination of ke tog lu tara te  belongs to  the dism utation of two 
molecules of ketoglutarate, although citrate  and succinate m ay be also 
very im portant hydrogen donors for this reaction.

These findings m ay suggest that the  fate of hydrogen in the reduced 
pyridine nucleotides can be m ore or less determ ined in advance. 
It could be expected that the  pyridine nucleotide reduced by one 
particu lar enzyme system  in vivo  m ight be reoxidized preferentially  
in another particu lar system . This would m ean a lim itation to the 
generally accepted concept of an undeterm ined hydrogen pool.

The au thors express the ir g ratitude  to Prof. Dr. Józef H eller for his 
helpful discussion and in terest in these studies.
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132 J. ROGULSKI and S. ANGIELSKI

SUMMARY

In kidney m itochondria, in contrast to  Ііѵег m itochondria, c itrate  
is a m ajor hydrogen donor for the  reductive am ination of ketoglutarate, 
whereas suecinate m ay play an  im portan t ro le provided th a t ATP is 
added. The d ism utation  of ketoglu tarate is of lesser im portance for this 
reaction.

To preven t the  oxidation of ketoglutarate, m aleate was used instead 
of arsenite.
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D ZIAŁANIE KW ASU MALEINOWEGO NA NERKĘ
III. BURSZTYNIAN JAKO DONATOR WODORU DLA REDUKTYW NEJ AMINACJI

W NERCE SZCZURA

S t r e s z c z e n i e  
W m itochondriach nerki, przeciwnie niż w  m itochondriach w ątroby, cytryn ian  

jest głów nym  donatorem  wodoru dla reduktyw nej am inacji ketoglutaranu. B ur- 
sztynian rów nież może m ieć duże znaczenie pod w arunkiem  dodania ATP. N atom iast 
reakcja dyzm utacji ketoglutaranu nie ma w iększego znaczenia.

D la zaham ow ania utleniania ketoglutaranu zastosow ano m aleinian zam iast 

arseninu. R eceived 16 July 1962.

m
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EFFECT OF MALEIC ACID ON THE KIDNEY

IV. SYNTHESIS OF AMINO ACIDS IN THE KIDNEY  
OF MALEATE-TREATED RATS

D epartm en t of B iochem istry ,  Medical School, Gdańsk, and Ins ti tu te  of B iochem istry  
and Biophysics, Polish A ca d e m y  of Sciences

It has previously been show n [1, 2] th a t in ra t the  in traperitoneal 
adm inistration of m aleate induced am inoaciduria, ketoaciduria and 
glycosuria. F u rth e r it was dem onstrated in vitro  [13, 11, 1 2 ] th a t m aleate 
has a m arked inhibitory  effect on a -ketog lu tara te  oxidation and  am ino 
acid synthesis by ra t  kidney hom ogenate and  m itochondria.

The p resent paper deals w ith the  synthesis of am ino acids by kidney 
homogenates of m aleate-trea ted  ra t in  the presence of ketoglutarate, 
am m onia and hydrogen donors. The obtained data a re  discussed on the 
assum ption tha t the  conditions for am ino acid synthesis a re  m ore 
favourable in  kidney of m aleate-trea ted  ra ts  than  in kidney of norm al 
anim als.

EXPERIMENTAL

W hite W istar ra ts  fed the  lactose d iet for tw o weeks w ere  used [1]. 
T he tissue hom ogenates w ere  prepared  as previously described [13]. 
The synthesis of amino acids in  kidney hom ogenates of m aleate-treated  
ra ts  was tested  3 o r 36 hr. a fte r in traperitoneal injection of 300 mg. 
of m aleate per kg. body w eight. In order to determ ine th e  content of 
am ino nitrogen, ketoacids and c itrate  in kidneys, they  w ere rem oved 
as soon as possible, weighed and homogenized w ith hot ethanol or 1 0 %  
trichloroaeetic acid. In p ro tein -free  superna tan t am ino n itrogen  [14], 
total ketoacids [6 ] and c itra te  [4] were determ ined. The quan tita tive  
estim ation of particu lar ketoacids was carried out a fte r  paper chrom ato- 
graphic separation in a system  of n-butanol - 0.5 n-NH^OH - ethanol (7:2:1, 
by vol.) according to M cArdle [9]. The u rine was collected during 3 or 
36 hr. and in th is time the  ra ts  w ere also kept on th e  lactose diet. The 
reagents w ere the  sam e as in the  earlier experim ents [3].

RESULTS

The g lu tam ate  dehydrogenase (L-glutamate:NAD and/or NADO? oxido- 
reductase, ЕС 1.4.1.2 o r 1.4.1.3) is found in  m any anim al tissues, and 
the equilibrium  of the  reaction catalysed by this enzym e is sh ifted  towards

[1 3 3 ]
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the  synthesis of g lu tam ate [10]. From the yield of the  synthesis of amino 
acids from  a-ketog lu tara te  (Table 1) it can be seen that only th ree  organs 
have an im portant part in this process: th e  Ііѵег, kidney and brain. The 
Ііѵег in the  presence of ATP converted alm ost the  whole of ketoglutarate 
added in to  th e  equivalent amount of glutam ate. The kidney and brain 
gave a m oderate yield of amino acids (5 and 10 tim es less, respectively, 
than th e  Ііѵег). The h ea rt muscle showed a m arked oxidative m etabolism  
of ke toglu tarate  and  a nearly  complete lack of am ino acid synthesis. This 
last observation was in fuli agreem ent w ith the data  of o ther authors 
who have shown th a t the  heart is alm ost completely deyoid of glu tam ate 
dehydrogenase activ ity  [7, 5]. It is in line w ith  th e  character of this tissue 
perform ing continuous mechanical work which reąu ires m uch of oxidative 
energy. G lutam ate form ation deviates ke toglu tarate  and so m ay handicap 
the energy production via the citrate acid cycle, but it does not occur 
in the heart. This is an е х а т р іе  of tissue specificity which in some degree 
depends on the presence or absence of particu lar enzyme activity. The 
o ther tissues showed less active ketoglutarate m etabolism  and, like the  
heart, an  alm ost complete lack of am ino acid synthesis.

T a b l e  1

The synthesis of amino acids from a-ketoglutarate and ammonia
by uarious rat tissues 

The reaction m ixture contained in a finał volum e of 3 ml.: 75 pm oles of tris buffer„ 
pH 7.2; 100 pm oles KC1; 1.5 ц т о іе  M gS 04; 1.5 pmole EDTA; 60 jumoles ketoglutarate; 
60 pm oles N H 4CI; 5 pm oles of ATP, and 1 ml. of hom ogenate from 200 mg. tissue. 
Incubation: 60 min. at 37°. Mean values from 6 - 1 0  experim ents, ±  SD are g iyen .

Tissue
Ketoglutarate ! N.Nh 2 formed 
consumption

(jjLmoles/g. tissue/hr.)

Ratio:
ketoglutarate

n - n h 2

Liver 298.5 ±  15 237.0 ±  30 1.25
Kidney 267.5 ±  19 54.0 ±  7 4.95
Brain 130.5 ±  12 22.0 ±  4 5.9
Heart 297.0 ±  12 3.5 ±  0.4 85.0
Muscle 51.0 ±  6.1 5.5 ±  0.9 9.3
Spleen 32.5 ±  2.5 5.5 ±  0.4 5.9
Testis 30.5 ±  2.9 2.0 ±  0.1 15.2
Lung 31.0 ±  2.9 3.5 ±  0.3 10.3
Intestinal mucosa 25.5 ±  3.0 0.0 1

It has previously been shown [3] tha t in m aleate-treated  ra t the  ox i- 
dation of ketoglu tarate  was inhibited in kidney but not in Ііѵег and b raim  
Therefore in  k idney  there  should be an  accum ulation of ketoglutarate- 
enhancing the  synthesis of amino acids, and leading to a tem porary  
increase of ketoacids in  the blood and their increased excretion in the- 
urine during  the  first 2 - 3  hr. following the  adm inistration of m a-http://rcin.org.pl
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lea te  [2]. The changes in  the excretion of particu lar ketoacids are  shown 
in T able 2. In ra ts  not treated  w ith  m aleate  (control), ketog lu tara te  
form ed about 94°/o of the excreted ketoacids w hereas in the  intoxicated 
rats it  form ed only 41%. The excretion of pyruvate, and  especially the  
excretion  of other, non identified ketoacids w hich norm ally form  only 
a fraction  of 1 % , increased to  a greater ex ten t than  th e  excretion of 
ketog lu tara te . As it was shown previously [3] the  oxidation of keto
g lu ta ra te  in  the  kidney of m aleate-treated  ra t  was m uch m ore inhibited 
th an  the oxidation of pyruvate. However, the  rela tively  sm aller increase 
in th e  excretion of ke toglu tarate  as com pared w ith th a t of pyruvate  can 
be explained by the  conversion of ke tog lu tara te  into g lu tam ate  in t ’he 
kidney. O ther ketoacids including pyruvate  do not undergo the  am in
ation, and are  excreted.

T a b l e  2

Excretion oj ketoacids by maleate-intoxicated rats
M aleate w as injected  intraperitoneally in a dose of 300 mg. per kg. body w t. U rine  
from  24 hr. w as collected  and after chrom atographic separation the ketoacids w ere  
estim ated . On the second day after injection of m aleate only the total amount. 
of ketoacids w as assayed. Mean values from  4 experim ents are given; in parentheses.

the lim it values.

Compound
Control Day after injection 

1 2 
(p.moles/24 hr.)

a-Ketoglutarate 

Pyruvate 

Other ketoacids 

Total

36.2 
(32.5 — 41.0) 

2.16 
(5.8 — 1.15) 

0.24 
(0.15 — 0.41) 

38.6 
(34.8 — 44.3)

82.2 
(75.1 — 92.3) 

60.5 
(53.4 — 70.6) 

56.1 
(49.5 — 62.3) 

198.8 
(159.3 — 207.4) UJ -U. Ur, 

^
1 

g
 

Gs 1 
__

__
_

I t seem s th a t in vivo  in kidney of m aleate-trea ted  ra ts  th e  form ation 
of am ino acids due to the  d ism utation of ke tog lu tara te  is inhibited as it  
w as dem onstrated  in vitro. The accum ulated ketog lu tara te  m ay serve 
chiefly as a substra te  for the  reductive am ination but hydrogen m ust 
be provided from  reactions which a re  not inhibited  by m aleate. The 
experim ents in vitro [1 1 , 1 2 ] point first of a ll to citrate  and  succinate, 
and to a  sm aller extent to m alate and  perhaps to  glucose-6 -phosphate 
as possible hydrogen donors.

The experim ents presented in  Table 3 show  th a t in kidney hom o- 
genate th ree  hours a fte r the  injection of m aleate  alm ost no amino acids 
w ere synthesized from ketoglutarate. Even 36 hr. a f te r  th e  injection 
the synthesis was by one half sm aller th an  norm ally. W hen citrate  washttp://rcin.org.pl
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T a b 1 e 3
The synthesis of amino acids by kidney homogenates of maleate-treated

rats
Each vessel contained in a fin a ł volum e of 3 ml.: 100 pm oles of tris buffer, pH 7.2; 
6 pm oles M gS0 4 i 4 pm oles EDTA; 5 pmoles ATP; 60 pm oles NH4C1; w here indicated  
in the Table, other additions w ere: 60 pm oles ketoglutarate or citrate, 30 pmoles 
succinate, 30 pm oles m alate, or 30 pmoles g lucose-6-phosphate and 0.5 pmole NADP. 
To each sam ple 1 ml. of hom ogenate from 200 mg. w et tissue was added. Incubation:

60 min. at 37°.
M aleate w as in jected  intraperitoneally  in a dose of 300 mg. per kg. of body wt., 
and rats w ere k illed  3 or 36 hr. after the injection. Mean values from 6 - 1 0

experim ents, ± SD are given.

Substrate
N-NH2 formed (pmoles/g. tissue wet wt./hr.)

Non treated 
rats

After injection of maleate
3 hr. 36 hr.

Ketoglutarate 
; Citrate 

Ketoglutarate ±  succinate 
Ketoglutarate ±  malate 

1 Ketoglutarate ±  G-6-P ±  NADP

51.0 ±  3.0
68.0 ±  3.5
46.0 ±  2.5
46.0 ±  13.5 
67.5 ±  17.0

5.5 ± 0 .5
55.5 ±  3.5
32.5 ±  2.0
25.0 ±  2.5
24.0 ±  3.0

28.0 ±  4.0 
48.5 ±  2.5
45.0 ±  3.0
29.0 ±  2.5
52.0 ±  17.0

used as su b stra te  the  am ount of amino acids form ed w as nearly  the  
sam e as that form ed in  homogenates of norm al ra t. Also after the addi
tion of succinate together w ith ketoglutarate the ąuan tity  of am ino acids 
synthesized was close to  that in the  control rat. W ith m alate the effect 
was sm aller but, as it was earlier described [3], the  oxidation of m alate 
m ay be partly  inh ib ited  by maleate. The contribution of G -6 -P  is ra th e r 
large but, as it  has been discussed in the previous paper [1 1 ] this 
coupling has probably less significance in vivo.

T a b l e  4
The concentration of amino nitrogen, ketoacids and citrate in rat kidney  

after the administration of maleate 
M aleate w as injected  intraperitoneally  in a dose of 300 mg. per kg. body w t., 
and rats w ere k illed  3 or 36 hr. after the injection. Mean values from 10 experim ents,

± SD are given.

Time after the injection 
of maleate

Ketoacids Citrate n - n h 2
(pmoles/g. of tissue wet wt.)

Control 0.19 ±  0.01 0.40 ±  0.06 20.5 ±  2.8
3 hr. 1.62 ±  0.90 0.90 ±  0.47 15.1 ±  3.8
36 hr. 0.28 ±  0.05 0.69 ±0 .11 26.6 ±  1.6

In  ra t  kidney, 3 hr. a fte r  m aleate injection (Table 4) the  am ount of 
ketoacids per g. of tissue was 8 - 9  times greater than norm ally, and  in 
th e  course of these  3 hr. the  amount of excreted ketoacids was 12 timeshttp://rcin.org.pl
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T a b l e  5

Effect  of maleate on the excretion of ketoacids, citrate and amino nitrogen 
Urine w as collected  from  0 to 3 hr. and from  0 to 36 hr. fo llow ing adm inistration  
o f m aleate in  a dose of 300 mg. per kg. body w eight. R esults are expressed in - 

pm oles per 3 or 36 hr. M ean values from  10 experim ents, ±  SD are given.

Rat
Time after 
injection 

of maleate

Ketoacids Citrate n - n h 2

(fj.moles/3 hr.)

Control
Intoxicated

3 hr. 9.0 ±  1.2 
115.3 ±  26.0

14.7 ±  2.7 
35.3 ±  9.0

15.4 ±  3.0 
82.2 ±  21.0

Control
Intoxicated

36 hr.

(fj.moles/36 hr.)

108.0 ±  14 
182.4 ±  21

186.0 ±  17 
192.9 ±  24

199.0 ±  39 
1530.0 ± 2 7 2

g reater than  norm ally  (Table 5). S im ilarly  the  excretion of c itrate  was
m ore th an  doubled a t tha t tim e corresponding to the  doubled level of this
compound in th e  kidney. The am ount of ketoacids and citrate  in  the
kidney decreased g radually  but even 36 h r. a fter intoxication it w as by
60 - 70% high er th an  in  the  control ra ts. However, the exam ination of
ketoacids and c itra te  in th e  u rine  indieated th a t betw een the 3rd and *
the 36th hour following the injection, the  m aleate-treated  ra ts  excreted 
less of those substances than  the  norm al rats. The differences in excretion 
were about 70 м-mol es of ketoacids (182 - 115 =  67) and about 160 umoles 
of c itra te  (193 - 35 =  158) in  m aleate-trea ted  ra ts  whereas in  the  Con
trols t'hey w ere 100 and  170 pmoles, respectively. This shows that in 
spite of the increased level of those substances in the kidney they are  
not to ta lly  excreted  but a re  in part utilized, probably for th e  synthesis 
of glutam ate. The content of am ino acids in  the  kidney of intoxicated 
^ats showed d istinct changes; 3 hr. a fte r  m aleate injection it was by 
25% less and  a fte r 36 hr. by about 30% greater than  norm ally. The 
crig in  of these changes is not ąu ite  elear. The excretion of am ino acids 
was increased about 5 - 7  tim es above th e  norm al level both during 3 and 
during  36 h r. following the adm inistra tion  of m aleate.

DISCUSSION

It is generally  know n th a t under norm al conditions there  is no 
accum ulation of in term ediates of the tricarboxylic  acids cycle in the 
tissues. Therefore the  resu lts  of experim ents in which to the homo- 
genates an excess of ke tog lu ta ra te  was added (Table 3) are  to be regarded 
as indication of the  potential possibilities of am ino acid synthesis by 
the kidney of norm al and m aleate-trea ted  rats. However, the data  con- 
cerning the  hom ogenates of in toxicated  ra t correspond m ore closely to 
2 http://rcin.org.pl
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the values in vivo  because under the conditions of m aleate  intoxication 
there  is an accum ulation of ketoglutarate in the  kidney (Table 4).

According to K rebs [8 ], in ra t kidney еѵегу 10 seconds about
0.2 umole of ketoglutarate is form ed per gram  of tissue. The weight of 
the kidneys of an  adult ra t is on average 1.5 - 2 g. Assum ing th a t the 
inhibition of ketoglu tarate  oxidation in the kidneys in the  first 24 hr. 
following m aleate  injection am ounts to about 50% we can calculate 
that during  th is tim e 1300 - 1700 ц/moles of ke tog lu tara te  accum ulates 
and m ay undergo reductive am ination. Sim ilarly, assum ing th a t the 
inhibition of ketoglu tarate  oxidation during the next 24 hr. a fte r  the  
injection averages 20 - 25% we can calculate tha t during  this tim e the  
kidney m ay synthesize about 600 - 800 mmoles of am ino acids m ore 
than  norm ally. Those are very large ąuan tities  and they correspond 
approxim ately to the  intensity  of am inoaciduria observed in m aleate 
intoXication. It should be pointed out th a t in the  first 36 h r. following 
the adm inistration  of maleate, the  ra t excretes only about 180 (.imoles 
of ketoacids and  as much as nine tim es that am ount of amino acids.

A re th e  kidneys of m aleate-treated ra t able to synthesize such a great 
am ount of am ino acids? From the data  presented in Table 2 it can be 
seen th a t kidney homogenates of ra ts  kiłled  3 hr. a fte r  the  injection of 
m aleate m ay synthesize from an excess of citrate  as m uch as 60 Mmoles 
of amino acids per gram of tissue and hour. In rela tion  to th e  weight 
of the  kidneys of an adult ra t it corresponds to about 2100 - 2900 mmoles 
per 24 hr. This indicates that the activ ity  of the enzymes involved in 
amino acid synthesis in the  kidneys of m aleate-treated  ra t  is sufficiently 
great to  convert in to  amino acids th e  whole of the accum ulating keto
glutarate.

As it was previously stated [3] the level of amino n itrogen in the 
blood of m aleate-treated  ra t is not increased, therefore it m ay be con- 
cluded th a t the  whole excess of amino acids produced by  the  kidneys 
is excreted in th e  urine. From the above calculation it follows tha t the  
increased synthesis of amino' acids in  the  kidneys takes place m ainly 
during the first two days following the injection of m aleate.

It seems tha t our experiments allow  to ехріаіп the  renal am ino
aciduria in m aleate  intoxication by an inhibition of ke tog lu tara te  oxi- 
dation in th e  kidneys enhancing the synthesis of amino acids.

SUMMARY

1. Of 9 ra t  tissues tested, only Ііѵег, k idney and brain  synthesize 
considerable am ounts of amino acids from  a-ketog lu tara te  and ammonia.

2. In  the k idney  of m aleate-treated ra t ketoacids a re  accum ulated.
3. K idney homogenates of m aleate-treated  ra ts  synthesize the  amino 

acids w ith  good yield, utilizing for ketog lu tarate  reduction th e  hydrogen 
deriyed from  isocitrate, succinate and to a sm aller degree from  m alate.http://rcin.org.pl
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4. The renal am inoaciduria in m aleate intoxication m ay be explained 
by enhanced synthesis of amino acids in k idney due to inhibition of 
ke tog lu ta ra te  oxidation.
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DZIAŁAN IE K W ASU MALEINOWEGO NA NERKĘ

IV. SYNTEZA AMINOKWASÓW W NERKACH SZCZURÓW ZATRUTYCH MALEINIANEM

S t r e s z c z e n i e
1. Spośród 9 badanych tkanek szczura tylko w ątroba, nerka i m ózg syntetyzują  

znaczne ilości am inokw asów  z ketoglutaranu i am oniaku.
2. U szczurów  zatrutych m aleinianem  grom adzą się w  nerce duże ilości k eto-  

kw asów.
3. H om ogenaty nerek szczurów  zatrutych m alein ianem  mogą syntetyzow ać am i

nokw asy z dużą w ydajnością  w ykorzystując do redukcji ketoglutaranu wodór 
pochodzący z izocytrynianu, bursztynianu i w  m niejszym  stopniu z jabłczanu.

4. A m inoacyduria w ystępująca  w  zatruciu m alein ianem  może być w ynikiem  
wzm ożonej syntezy am inokw asów , spow odow anej zaham ow aniem  utleniania k eto 
glutaranu w  nerce.

R eceived 12 Septem ber 1962
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STUDIES ON HYDROLASES OF DIGESTIVE JUICES 

VIII. CHOLINESTERASE OF DOG PANCREATIC JUICE *

D epartm en t of Physiological Chernistry, Medical School, K ra k ó w

M any anim al tissues inoluding blooid serum  contain th e  so- 
-called non-specific o r pseudo-cholinesterase (acyfleholine acyl-hydrolase, 
ЕС 3.1.1.8), an enzyme which hydrolyses o ther cholinę esters m ore ra- 
pidly th an  acetylcholine. The properties of the  enzyme, especially th a t 
o rig inating from  blood serum , have been studied and  several a ttem pts 
a t its  purification have been undertaken  [2 2 , 16, 1 2 ].

Among m am m alian tissues studied, dog pancreas was found to contain  
a large am ount of cholinesterase and in  1943 Mendel & M undell [18] 
carried  out a partial purification of th e  enzym e sta rting  from  th is m a
teriał. L ater cholinesterase was also found in dog pancreatic juiee [17, 10], 
the  properties of this enzyme, however, have not been thoroughly  
studied.

In th e  course of some earlier studies carried  out in  th is  laborato ry  
several esterases including cholinesterase have been observed in  dog 
pancreatic juiee [23]. In the  present study  pancreatic juiee cholinesterase 
has been separated  from  o ther esterases and  som e properties of the 
p a rtly  purified  enzyme have been investigated.

MATERIALS AND METHODS

Abbreviations used. AcCh, acetylcholine; PrCh, propionylcholine; 
BuCh, butyrylcholine; BzCh, benzoylcholine; MCh, acetyl-P-m ethylcho- 
line; DPP, diisopropylfluorophosphate; PCMB, p-chlorom ercuribenzoic 
acid.

Enzym e preparation. Dog pancreatic juiee freshly  collected from  
a perm anent fistula (single portion about 150 ml.) was acidified to  pH 5 
w ith  2 N-phosphoric acid and  the  form ed precipitate  cen trifuged  for 
15 min. at 3000 r.p.m. To the  elear supernatan t, solid am m onium  su lpha te  
was added, w ith  stirring, to 0.4 saturation. In order to reduce the  copre- 
cipitation of cholinesterase, am m onium  su lphate  was added in tw o p o r-

* P revious com m unication of th is series [24].
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tions, the  first to 0.3 and the second to 0.4 saturation, and both precipi- 
tates were centrifuged as above. To the supernatan t, amm onium  sulphate 
was added to  0 . 8  saturation, the  m ixture left for 1 hr. and centrifuged 
for 20 min. a t 3000 r.p.m. The collected precipitate was dissolved in
0.033 M^phosphate buffer of pH 7.0 (1/10 of the  original volume of pan- 
creatic juice) and  dialysed against two successive 500 ml. portions of the 
sam e buffer for 16 hr. Ali steps of the  procedurę w ere carried out 
at 0 - 4°. The dialysed solution could be stored a t 2 ° for a m onth with 
only negligible loss of activity. The preparation was more stable in 
lyophilized form, the  process of lyophilization caused, however, some 
additional inactivation. The above procedurę was repeated five times 
in o rder to obtain  sufficient am ount of the  enzyme preparation necessary 
for completion of experiments. Four preparations were used in the 
form  of dialysed solution and discarded after a month. One preparation 
was lyophilized and  used during four months.

Substrates. Acetylcholine bromide and acetyl-fł-m ethylcholine chlo- 
ride (Light, England); acetylcholine perchlorate w as prepared frcm  bro
m ide according to Bell & Carr [6 ]; propionylcholine perchlorate and 
butyry lcholine perchlorate w ere prepared as described by A ldridge [2 ]; 
butyry lth iocholine iodide and benzoylcholine chloride (N utritional Bio- 
chemicals Co., U.S.A.); tribu ty rin  (Lachema, Czechosllovakia); p-ni- 
trophenyl aceta te  was prepared according to Huggins & Lapides [15].

Inhibitors and other reagents. Eserine su lphate  and sodium  arsenite 
(Merck, Germ any); diisopropylfluorophosphate, EDTA, tetraethylam m o- 
nium  brom ide and p-chloromercuribenzoic acid (Light, England); iodine 
(resublim ed, M alinckrodt, U.S.A.); N-ethylm aleim ide (Schuchardt, G er
m any). Phosphate buffer was prepared from analytical grade reagents.

Assay of cholinesterase activity. Enzyme solution was incubated with 
2.0 ml. of 0.066 м'-phosphate buffer, pH 7.0, and substrate  solution (finał 
concentration 6  X 10~~3 m) in the total volume of 5.0 ml. at 37°. Im- 
m ediately a fte r the  addition of the substra te  and later in 1 0  min. in ter- 
vals, duplicate samples of 0.5 ml. were taken and the am ount of the 
unchanged ester determ ined by the Hestrin hydroxam ic m ethod [13]. 
W hen p-nitrophenyl acetate was used as a substrate, its concentration 
w as 10- 4  m and hydrolysis was assayed by the  Huggins & Lapides 
m ethod [15]. Ali extinction m easurem ents w ere carried out in the  Cole- 
m an Jun io r spectrophotom eter.

Protein determination. The Folin & Ciocalteu m ethod [9] m odified as 
described earlie r [14] was used.

RESULTS

The 0.4 - 0.6 ammonium sulphate saturation fraction of dog pancreatic 
juice contained about 1/3 of the  cholinesterase activity  originally  present 
and  only  1/30 of the original amount of protein. Thus about 10-fold
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T a b l e  1

Rela tive  activity of cholinesterase preparation from dog pancreatic juice 
towards some cholinę and non-choline esters

Substrate Relative activity

Butyrylcholine 100.0
Butyrylthiocholine , 94.6
Propionylcholine 59.4
Acetylcholine 39.6
Benzoylcholine 28.3 *
Acetyl-/?-methylcholine 0.2
Tributyrin 5.3*
p-Nitrophenyl acetate 0.4*

* For n o n -c h o lin e  esters th e  v a lu es  w ere o a lcu la ted  by su b tra ctin g  
from  th e  w h o le  a c tiv ity  th e  a c tiv ity  n o t in h lb lted  by 10-5 м -eser in e  
(a b o u t 15% of th e  w hole  a c t iv ity ) .

purification  w as obtained w ith 35% yield. The procedurę used m ade 
possible the  separation of cholinesterase from  other esterases present 
in  dog pancreatic juice, i.e. cholesterol esterase and  the esterase insensi- 
tive  to  organophosphorus compounds, not a tta ined  form erly w ith the 
use of zone electrophoresis [23]. The p relim inary  experim ents demon- 
s tra ted  th a t o ther enzymes present in  pancreatic  juice, i.e. am ylase, pro- 
teases and lipase, a re  precip itated  m ainly  at lower am m onium  sulphate 
concentration.

The values of re la tive  activ ity  of the  cholinesterase preparation 
tow ards several cholinę and non-choline esters a re  shown in Table 1. 
The ra te  of hydrolysis was the highest for butyrylcholine and decreased 
for o ther cholinę esters in  the order: B u C h >  PrC hi>  A cC h>  BzCh^> MCh. 
Non-choline esters w ere hydrolysed m uch slower. No significant diffe- 
rence in ra tes  of hydrolysis betw een butyrylcholine and its thioester 
analogue w as ohserved. It was also found in prelim inary  experim ents 
th a t the  k ind  of anion associated w ith cholinę ester (chloride, brom ide 
or perchlorate) had  no effect on  enzymie aetivity.

T a b l e  2

Ratio of activity found in the pancreatic juice and in partly purified
cholinesterase preparation 

The valu es are the m eans, ±  S.E.M. from  tw elv e  determ inations in the case of 
,non-fractionated juice and six  determ inations in the case of the purified prepa

ration.

Materiał
Ratio of activities

BuCh/AcCh BzCh/AcCh

I Non-fractionated pancreatic juice 
j Cholinesterase preparation

2.45 ±  0.17 
2.64 ±  0.21

0.74 ±  0.07 
0.77 ±  0.08
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The specificity pa ttern  of cholinesterase did not change during the  
course of purification sińce the ratios BuCh/AcCh and BzCh/AcCh for 
th e  pancreatic  juice and for the  purified preparation showed no signi-

Fig. 1. L inew eaver & Burk plots for hydrolysis of cholinę esters by cholinesterase  
preparation from  dog pancreatic juice. A li curves w ere constructed by the least 
sąuares m ethod. Reaction velocity v  is expressed in pm oles of hydrolysed substrate  
per m inutę and mg. of protein, substrate concentration in  m oles per liter. A, (O), 
acetylcholine; (+), propionylcholine; (#), butyrylcholine; B, (O), benzoylcholine.

Fig. 2. E ffect of pH on cholinesterase activ ity . 
A li activity m easurem ents w ere carried out 
with 0.066 м-phosphate buffer and butyrylcholine  
as a substrate. The activ ity  is expressed in  
pmoles of the split ester per m inutę and mg. 
of protein. The non-enzym ic hydrolysis w as  
checked for еѵегу pH value used. Solid line, 
actual activity m easurem ents; dotted line, v a -  
lues calculated on the basis of enzym e in acti- 

vation in a lkaline medium.

ficant differences (Table 2). It seems therefore tha t only one enzym e 
hydrolysing cholinę esters is present in dog pancreatic juice.

F igurę  1 gives the  Lineweaver & Burk plots for hydrolysis of four 
cholinę esters. The values of Michaelis constant and m axim um  velocity 
are  collected in Table 3. The enzymie hydrolysis of these esters seems 
to agree w ith th e  Miehaelis-Menten eąuation and  w ithin the  concen-
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tra tion  rangę used no inh ib itory  effect of th e  increasing am ount of 
substra te  w as observed.

The m axim um  ra te  of butyrylcholine hydrolysis was observed at 
pH about 7.5 (Fig. 2). This value, however, did no t represent the  tru e  pH 
optim um  because of the  progressive inactiyation of the  enzyme in  a lk a l-

Fig. 3. C holinesterase inactivation  in alkaline  
medium . The enzym e solu tion  w as preincubated  
w ith  0.066 м-phosphate buffer of appropriate pH  
for 30 min. at 37°, adjusted to pH 7.0 w ith  
calculated am ount of K H 2PO 4 solution and the  
activ ity  tow ards butyrylcholine w as determ ined. 
The activ ities are expressed  as percentages of 
the activ ity  m easured in standard conditions 

(pH 7.0, w ithout preincubation)

ine m edium  (Fig. 3). W hen th e  pH - aetiy ity  curve taking into aecount 
this inactiyation w as constructed (Fig. 2, dotted line), the  m axim um  
aetiy ity  was found to  be a t pH about 8 .6 .

The cholinesterase preparation  w as highly sensitive to  the  action 
of th e  w ell know n esterase inhibitors, eserine and  DFP (Table 4 and 
Fig. 4). Also some thiol reagents had a  w ell pronounced inhibitory 
effect. No inhibition, howeyer, was produced by N-ethylmaleimide,.

Fig. 4. E ffect of inhibitor concentration on cholinesterase activity. The activity~ 
w as m easured in standard assay conditions w ith  butyrylcholine as a substrate. 
The buffered enzym e Solutions w ere preincubated w ith  the appropriate am ount 
of inhibitor for 20 min. at 37°. The activ ities are expressed  as percentages of the- 
activity m easured in the absence of inhibitor. (Д ), Eserine; (a), DFP; (O), iodine;. 

(+), arsenite ion; (Ш), PCMB; (# ), EDTA.

a very  potent thiol reagent, even a t the  concentration as high as 
3 X 10~2 m. Cysteine protected the  enzym e against the  inhibitory action 
of iodine and  PCMB, bu t no o ther effect of th is agent was observed 
(Table 5). A sligh t inhibition by EDTA was observed, te trae thy lam - 
monium bromide, on the  o ther hand, caused some actiyation.
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T a b l e  3

Michaelis constant and т ахітит velocity values for hydrolysis  
of cholinę esters by cholinesterase preparation from dog pancreatic juice 
T he va lues of К  and V v calculated from L inew eaver & Burk p lots w ith  them тех
least sąuares m ethod are the m e a n s , ±  S.E.M. from  four series of experim ents.

Substrate Km Vmax•

Butyrylcholine
Propionylcholine
Acetylcholine
Benzoylcholine

6.3 ±  0.3x10-4
8.3 ±  0.3x10-4  
1.6 ±  0.1 x 10-3 
2.2 ±  0.2x10-4

6.39 ±  0.71
3.79 ±  0.38 
2.53 ±  0.26
1.80 ±  0.18

T a b l e  4

Effect  of inhibitors on cholinesterase activity
T he values of piso  represent the negative logarithm  of the concentration of 

inhibitor producing 50% inhibition.

Inhibitor Pho

Diisopropylfluorophosphate 8.0
Eserine sulphate 8.0
Iodine 5.0
Sodium arsenite 3.8
p-Chloromercuribenzoic acid 3.1
A-Ethylmaleimide —
Ethylenediamine-tetraacetate 1.5
Tetraethylammonium bromide _*

* T etraethylam m onium . brom ide in. con cen tra tion  
rangę from  Ю-з to  2 X 10-2 м caused  13 to  20% a c-  
tiva tion .

T a b l e  5

Effect  of cysteine on the inhibition of cholinesterase by iodine and PCMB
To the buffered enzym e solution w ith or w ithout cysteine, inhibitor solution  w as  
added and the m ixture preincubated for 20 min. at 37° before the enzym ie activ ity

was determined.

Addition Re!ative
activity

None 100
Iodine, 2 х 1 0 _5м 0
Cysteine, 10~4 м+iodine, 2х10~5 м 97
PCMB, 10-3 M 36
Cysteine, 10-3 m±PCMB, 10-3 m 100
Cysteine, 10~3 м 100
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DISCUSSION

An appreciable lability  of cholinesterase and its sensitivity  to pro- 
teo ly tic  enzym es cause considerable d ifficulties in  the  purification of 
th is enzyme. The best cholinesterase preparations are  certain ly  far from 
being pu re  and no crystallization of th e  enzym e has been accomplished 
as yet. The procedurę used in  th is s tudy  gave only 10-fold purification, 
у et it m ade possible the  separation  of cholinesterase from  other esterases 
p resen t in dog pancreatic juice.

The data cdllected so far suggest tha t ohly one enzym e of the cholines
te rase  group occurs in  pancreatic juice obtained from  a perm anent 
fistu la. This view is supported  by the fact that the  ra tio  of aetivities 
tow ards various substra tes was practically  unchanged in  the  course 
of purification  of the  enzyme. Some earlier resu lts  suggesting the  pre- 
sence of two cholinesterases in  dog pancreatic juice [23] have not been 
confirm ed. The appearance of cholinesterase activ ity  in the  two electro- 
phoretically  separated  fractions which was th en  obseryed, was probably 
due to  th e  partial degradation  of the enzym e by proteases o r to the  
form ation of cholinesterase-protein  со тр іе х  exhibiting different elec- 
trophoretic  m obility.

The specificity p a tte rn  of the  enzyme w as typical for cholinesterase. 
The enzym e hydrolysed butyry lcholine w ith т а х і т и т  rate, showed 
rela tively  high activ ity  tow ards benzoylcholine and  only negligible acti- 
v ity  tow ards acetyl-/?-m ethylcholine. This proves tha t the  preparation 
was v irtu a lly  free of acetylcholinesterase sińce th is enzyme, in contrast 
to cholinesterase, hydrolyses acetyl-^-m ethylcholine with m oderate acti- 
v ity  and  displays no activ ity  tow ards benzoylcholine [4].

The value  of M ichaelis constant was the  h ighest for acetylcholine 
and decreased through propionylcholine to butyrylcholine. The т а х і т и т  
velocity changed in th e  opposite direction showing the  т а х і т и т  value 
for butyrylcholine. This can be in te rp re ted  as a gradual increase of the 
enzym e affin ity  to the  su b s tra te  from  acetylcholine to  butyrylcholine 
or the rise of the  velocity constant k 2 rela ting  to th e  'decomposition 
of enzym e-substratę с о тр іе х  in  the  'direction of product form ation. 
Benzoylcholine showed the  sm allest K m value and  at the  sam e tim e 
the sm allest velocity as com pared w ith the o ther substrates. This m ay 
be connected w ith still g rea ter affin ity  to the  su b stra te  or m uch sm aller 
k2 value.

The cholinesterase p repara tion  show ed a m arked  sensitivity  to a lkal- 
ine m edium  and the optim um  pH could be determ ined  only indirectly. 
At this pH (about 8 .6 ) m ore than  50°/o inactivation of th e  enzyme took 
place during the incubation of the  reaction m ix ture . For this reason in
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the  determ inations of cholinesterase activity  a lower pH yalue had to  
be used, such in  which the  actiyity  was high enough and the  inactiyation 
not so m arked.

The effect of eserine and DFP was typical for the enzymes of th e  
cholinesterase group. A slight inhibition caused by EDTA was probably 
due to  the  d isappearance of divalent cations from the incubation m ixture, 
for it has been reported  that Ca2+ and Mg2+ ions enhance the actiy ity  
of cholinesterase [4]. The actiyity  of the  enzyme w as slightly  enhanced 
by tetraethylam m onium  bromide. This effect, obseryed also in the  case 
of serum  cholinesterase [4], m ay be connected w ith the presence of only 
one anionie site  in  the actiyity centre  of cholinesterase m olecule [7 , 4 ]. 
Also the obseryed lack of inhibition by the excess of substra te  m ay 
be explained in  th is m anner. The inhibition by some thiol reagents 
obseryed here has been also reported  for serum  cholinesterase [2 0 , 1 1 ]. 
The rela tively  high eoncentration of these inhibitors necessary for 50°/» 
inhibition suggests tha t their action is ra th e r unspecific, and ш> essential 
thiol group is presen t in  the actiy ity  centre of the  enzyme.

It is difficult to compare th e  enzyme investigated in the  presen t 
work w ith cholinesterase preparations obtained by o ther authors because 
of m arked differences in  experim ental conditions and  the  scope of th e  
studied properties. The specificity pa ttern  of the  dog pancreatic ju ice 
cholinesterase w as sim ilar in some details h u t d ifferen t in  others, from  
cholinesterases obtained from other sources. The ratio  BzCh/AcCh, fo r 
ех атр іе , w as m uch higher than  tha t reported for cholinesterase from  
dog panereas [19] but approached th e  value found for dog serum  cho
linesterase [21]. Also the BuCh/AcCh ratio  was very  sim ilar to  th a t  
reported for cholinesterase from dog serum  [2 1 ] but deviated from  th e  
values characteristic  for cholinesterase from sera of m an [1, 3], horse [2] 
and o ther species [5, 21]. The comparison m ade above supports to som e 
degree th e  view assum ing the existence of species-specific bu t not o rg an - 
-specific cholinesterases [2 1 , 8 ].

The differences in specificity patterns between cholinesterases o rig i- 
nating from  yarious anim al species led to th e  distinction betw een p ro - 
pionylcholinesterases, butyrylcholinesterases etc. according to  the  su b 
s tra te  hydrolysed w ith т а х і т и т  ra te  [4]. On the basis of the  stud ied  
properties, the  enzym e present in  dog pancreatic juice can be classified 
as butyrylcholinesterase.

The A uthors express their g ratitude to Professor B. Skarżyński fo r 
his keen in terest and  yaluable adviee. Thanks are  also due to Dr. J. O lek
sy for perform ing operations on dogs.
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SUMMARY

C holinesterase from dog pancreatic juiee has been partly  purified by 
am m onium  sulphate  fractionation. The enzym e hydrolysed bu ty ry l- 
choline most actively, and propionylcholine, acetylcholine and benzoyl- 
choline a t a slow er rate ; acetyl-/]-m ethylcholine, trib u ty rin  and p-n itro - 
phenyl acetate w ere hydrolysed m uch slower. The optim um  pH was 
found to be about 8 . 6  but a t this pH the enzym e was unstable. Some 
kinetic properties of the  enzym e and its sensitivity  towards inhibitors 
have been investigated. The cholinesterase studied has been compared 
w ith  cholinesterases from  o ther sources and  was classifded as bu ty ry l- 
cholinesterase.
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B A D AN IA  NAD HYDROLAZAMI SOKÓW TRAWIENNYCH  

VIII. ESTERAZA CHOLINOWA Z SOKU TRZUSTKOW EGO PSA

S t r e s z c z e n i e
Przeprowadzono częściow e oczyszczenie esterazy cholinowej z soku trzustko

w ego psa przy zastosow aniu frakcjonowania siarczanem  amonowym . Enzym hydro- 
lizuje najaktyw niej butyrylocholinę, słabiej propionylocholinę, acetylocholinę  
i benzoilocholinę. A cetylo-/?-m etylocholina, trójbutyryna i octan p-nitrofenolu  
ulegają hydrolizie ty lko w  m ałym  stopniu. Enzym w ykazuje optim um  aktyw ności 
przy pH około 8,6, ale jest w  tym  środowisku nietrw ały. Zbadano niektóre w łasn o
ści k inetyczne enzym u i jego w rażliw ość na działanie inhibitorów. Przeprowadzono  
porów nanie badanego enzymu z esterazami cholinow ym i pochodzącym i z innych  
źródeł i sk lasyfikow ano go jako esterazę butyrylocholinową.

Receiyed 13 October 1962
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ORNITHINE CARBAMOYLTRANSFERASE IN HIGHER PLANTS

In s t i tu te  of B iochem istry  and Biophysics, Polish A c a d em y  of Sciences,
and  D epartm en t of B iochem istry ,  Central College of A griculture , W arszaw a

The operation of the  o rn ith ine  cycle in  higher p lants m ay now be 
regarded  as an  established fact. In several papers from  this laboratory 
published in the  course of the  last 5 years we have reported  the presence 
of o rn ith ine carbam oyltransferase (carbamoylphosphate.-L-ornithine 
carbam oyltransferase, ЕС 2 .1.3.3.) in  green peas, beans, soya beans, 
w hite and blue lupins as w ell as in the  young seedlings of wheat and 
perennial ryegrass [4, 8 , 9, 10]. At the  sam e tim e it was established that 
hom ogenates from  wheat seedlings in the  presence of ATP and L-aspartic 
acid a re  capable of converting citru lline in to  arg in ine [2 ], and  in acetone 
pow ders from  green pea seedlings argininosuccinate lyase was found to 
be present [1]. F inally  th e  presence of arg inase in 30 plants belonging 
to 12 different botanical fam ilies was reported  [7].

In this paper w e report on the  presence of o rn ith ine  carbam oyltrans
ferase in 46 plants belonging to 19 botanical fam ilies, as well as on the 
activ ity  of the  enzyme throughout the  fu li life  cycle of w heat and  th e  
green pea.

MATERIALS AND METHODS

Young plan t seedlings ( 1 -5  g.) w ere frozed h a rd  in a m ortar placed 
in  a fia t vessel containing d ry  ice and alcohol, for about 15 min. The 
p lan t m ateria ł was then  finely powderized, tran sferred  in to  a sm ali 
beaker to  which 5 -2 5  m l. (5 times the  vol. of the w et w t. of the sample) 
of 0.1 м-phosphate buffer solution of pH 7.2 w as added. A fter 10 -1 5  m in. 
of standing a t room tem pera tu rę  w ith freąuen t stirring , the  liąuid was 
filtered  off through a soft filte r paper into a test tube  im m ersed in an 
ice-w ater bath. E xtracts from  seeds w ere  prepared in a sim ilar m anner 
after grinding the seeds in th e  Jun ior laboratory  m ili to a fine powder. 
In order to ascertain optim um  enzyme activity  in the  extracts, the  
incubation w ith  o rn ith ine and  carbam oylphosphate (CP) was generally 
conducted at th ree levels. (1 ), 1 ml. ex tract, 0 . 1  ml. ornith ine ( 2 0  м-moles 
of d l -o rn ith ine - HC1), 0.1 ml. CP (2 0 M-moles); (2), 0.5 ml. extract, 0.5 m l. 
phosphate buffer, pH 7.2, 0.1 m l. ornith ine, 0.1 m l. CP; (3), 0.2 m l. 
extract, 0.8 ml. phosphate buffer, pH 7.2, 0.1 ml. orn ith ine, 0.1 ml. CP.

Control determ inations w ere carried  out in the  sam e way except
[151]http://rcin.org.pl
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th a t the  ex tract was inactivated with 0.1 ml. of 60% НСЮ 4 prior to the  
•addition of ornith ine and CP. Ali the  sam ples were incubated a t 30° 
for 30 min., and  those with the active enzyme were inactivated with
0 . 1  ml. of 60% НСЮ 4 . The m ixture was then m ade up w ith  distilled 
w ater in sma-ll cylinders to a volume of 1 0  ml. and the precipitated 
proteins w ere filtered off.

Aecording to the amounts of citru lline to be expected, 1 - 3  ml. of the 
f iltra te  was used for the determ ination of citru lline [5]. The activity 
was expressed in pmoles of synthesized c itru lline  per 1 g. of protein, 
on incubation for 30 min. at 30°. P ro tein  determ inations w ere carried 
o u t w ith  the Folin phenol reagent aecording to the  m ethod described 
by Low ry et al. [6 ].

A ctiv ity  of o rn ith ine carbam oyltransferase during the life-cycle of 
th e  p lants was studied on the green pea, variety  “cukrow y-karłow y”, 
and  on spring wheat, variety  “Opolska oryginalna”. Representative 
.samples w ere prepared from 7 plants of wheat o r pea, respectively.

The dilith ium  salt of carbam oylphosphate was prepared aecording to 
th e  m ethod of Jones, Spector & Lipm ann [3]. Solutions of CP are  
re la tive ly  unstable, therefore they had  to be always prepared freshly 
ju st before use.

RESULTS AND DISCUSSION

The resu lts concerning ornith ine carbam oyltransferase activity  in 
d ry  seeds and  young seedlings of 46 plants belonging to 19 botanical 
fam ilies a re  reported  in Table 1. It can be seen that all th e  investigated 
p lan ts contained the  enzyme, and its activity  was іпѵагіаЫу higher 
in seedlings than  in seeds. The activ ity  in seeds varied from 0.06 to 0.43, 
w hereas in seedlings it varied from 0 . 1  to 1.44|дто1е citru lline / 1  g. pro
tein . The differences between the yarious species w ithin a botanical

T a b l e  1

Activ ity  of ornithine carbamoyltransferase in higher plants 
The activ ity  is expressed  in ц т о іе  of citru lline formed/1 g. protein/30 min. incubation

at 30°.

Family Species
Activity 
in seeds

Age of seed
lings (days)

Activity in 
seedlings

1 2 3 4 5

Graminae Wheat 0.43 8 1.37
Rye 0.21 7 0.63
Sweet corn 0.22 8 0.34
Barley 0.25 6 0.60
Oats 0.13 7 0.68
Per. ryegrass 0.15 7 0.25

[21
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1 2 3 4 5

Cucurbitaceae Cucumber 0.22 8 1.20
Pumpkin 0.10 10 0.45

Liliaceae Onion 0.11 12 0.67
Leek 0.27 14 0.57

Solanaceae Tomato 0.26 9 0.31
Tobacco (white Bedder) 0.074 10 0.12

1 Cruciferae Cabbage 0.11 6 0.35
Mustard 0.10 5 0.23
Radish 0.40 5 0.45
Spring rape 0.33 6 0.54
Alyssum сотр. 0.04 10 0.18
Mathiola bicormis 0.08 10 0.35

Papilionaceae Green pea 0.19 8 1.44
Bean 0.06 8 0.08
White сіоѵег 0.10 9 0.28
Lucerne 0.21 7 0.57
Łupin (Russel) 0.09 9 0.10

Linaceae Hemp 0.26 10 0.83
Flax 0.10 11 0.22

Umbelliferae Carrot (Amager) 0.09 15 0.32
Celery 0.10 13 0.17
Parsley 0.12 15 0.28
Dill 0.06 14 0.17

Chenopodiaceae Beet-root 0.12 8 0.28
Spinage (Gaudry) 0.20 9 0.68
Kochia scoparia 0.07 12 0.19

Polygonaceae Sorrel 0.25 9 0.35

Compositae Sunflower 0.16 7 0.45
Lettuce 0.13 5 0.22
Ageratum техісапит 0.11 9 0.25
Chrysanthemum leucan. 0.07 10 0.10
Callisthephus chin. 0.09 12 0.12

: Рараѵегасеае Poppy 0.29 9 0.37
i Ѵіоіасеае Pansy 0.17 14 0.15

Tropheolaceae Nasturtium 0.17 10 0.20
Labiatae Antirrhinum majus hijac. 0.17 9 0.19
Caryophyllaceae Camatien 0.17 12 0.60
Aceraceae Mapie tree — leaves 20-days 0.54
Tilliaceae Lime tree — 1.60
Hippocastanaceae Horse chesnut — 9 9  9 9 0.56

fam ily w ere just as great as between th e  various fam ilies them - 
selves. The highest carbam oyltransferase aetiy ity  was found in  w heat 
seeds as well as in  the w heat and pea seedlings. U nexpectedly high 
enzym e aetiy ity  w as observed in very  young tree  leaves, particu la rly  
3 http://rcin.org.pl
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of th e  lim e tree, w hereas old leaves collected in  the early  au tum n have 
shown about 10 tim es low er activ ity  (Table 2).

It is in teresting  to no te  that the  content of the endogenous ureide 
com pounds found in  th e  Controls and expressed as citrulline, accum ulated 
in considerable ąuan tities in  older leaves thus confirm ing earlier observa- 
tions on the alder tree  [1 1 ].

T a b l e  2

A ctiv ity  of ornithine carbamoyltransferase and content of ureides 
in relation to the age of plant materiał

Family Species

Activity 
(/tmoles citrulline/1 g. 

protein)

Ureides 
(mg. citrulline/1 g. 

fresh wt.)

Leaves collected
May 13 Oct. 5 May 13 Oct. 5

Aceraceae Mapie tree 0.54 0.06 1.80 4.37
Tiliaceae Lime tree 1.60 0.02 1.03 2.15
Hippocastanaceae Horse chestnut 0.56 0.04 1.46 3.00

The resu lts  of experim ents presented in  Figs. 1 and  2  show th a t 
orn ith ine  carbam oyltransferase is present in  pea and  in  w heat during  
the en tire  course of grow th and  developm ent.

A t the  early  stages of p lan t grow th a  d istinct increase in  th e  enzymie 
activ ity  w as observed, followed by a continuous drop lasting till bud 
form ation  in  the  pea, and  till shooting in to  ears in  th e  w heat, w hen 
again th e  activ ity  was m arkedly  inereasing. W hen flow ers in  th e  pea 
and  ears  in the  w heat w ere fu lly  formed, a rap id  decrease of activ ity  
w as noted. Then followed ano ther peak in  the  pea m arking  the form a
tion  of pods, a fte r  which a steady decline of activity  in  the  ageing sta lks 
and leaves, analysed separa te ly  w ithout the  pods, was observed. Flow ers 
analysed together w ith  th e ir stem s have shown an activ ity  of 2.7 мтпоіе 
c itru lline / 1  g. protein, which was th e  highest observed at any  tim e o r  
in any  organ  of th e  p lan t. In  the  young pods there  w as again a rise in  
activity, then  leading to  a sharp  and  continuous decline back to  the  
s ta rting  point in  th e  m atu rę  seeds.

S im ilarly  in  the w heat there  was a rise  in activ ity  up to the  m om ent 
of bloom fali, followed by a decline lasting till the stage of early  seed 
form ation. A nother peak was reached a t the  stage of “m ilky” m atu rity , 
followed by a continuous decline through “w axy” and  „horny” m atu rity  
back to  th e  sta rtin g  point in  the  m atu rę  seeds.

The curves for o rn ith ine  carbam oyltransferase w ere v irtu a lly  th e  
same for the  pea as for th e  w heat suggesting th a t the  inereases of 
activ ity  w ere  closely linked up w ith the  particu la rly  im portan t changes
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in p lan t growth and developm ent. Rises in enzymie activ ity  w ere observed 
in young seedlings, a t  the  stage just preceding blooming or shooting 
into ears, and  finally  in  the  very  early  period of form ation of the  
reproductive organs of plants.

Fig. 1. Ornithine carbam oyltransferase activ ity  during the life  cycle of the pea 
plant. (--------- ), A ctiy ity; (----------- ), ureides; (# ), leaves and stalks; (O), pods.

Fig. 2. Ornithine carbam oyltransferase activ ity  during the life  cycle of w heat.
(--------- ), A ctiv ity; (-----------), ureides; ( • ) ,  leaves and stalks; (O), w h eat ears.

It m ay be in teresting  to  note  that the curves for the  ąuan tities of 
endogenous ureide compounds expressed in  mg. c itru lline / 1  g. fresh  
weight, in the pea as w ell as in  the  w heat ru n  alm ost parallel to  the 
curves for o rn ith ine  carbam oyltransferase activity  (expressed in p-moles 
citru lline / 1  g. protein). This observation applies to  the  en tire  life cycle
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of the two investigated  plants suggesting that the  o rn ith ine carbam oyl
transferase  ac tiy ity  and the product of its catalytic action m ay play 
a m uch m ore im portan t role in the  non-protein nitrogen metabolism 
in higher p lants th an  thus far recognized.

SUMMARY

1. The presence of orn ith ine carbam oyltransferase in 46 plants 
belonging to  19 botanical families was established.

2. The ac tiy ity  of the  enzyme was higher in  young seedlings than 
in  dry seeds.

3. The presence of the enzyme during the fuli life cycle of the  green 
pea and spring W heał w as established.

4. Increased actiy ity  of the  enzyme was obseryed in the young 
seedlings, a t  the early  flowering stage and a t th e  tim e of form ation of 
the  reproductiye organs of the plant.

5. A close re la tion  betw een o rn ith ine carbam oyltransferase actiyity 
and the ąuan tities of ureides in p lant m ateriał was noted.
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KARBAM YLOTRANSFERAZA ORNITYNOWA W ROŚLINACH WYŻSZYCH

S t r e s z c z e n i e
1. Stw ierdzono obecność karbam ylotransferazy ornitynow ej w  46 roślinach  

należących do 19 rodzin botanicznych.
2. A ktyw ność karbam ylotransferazy ornitynow ej była zaw sze w yższa w  k ie ł

kach aniżeli w  nasionach.
3. W ykazano enzym  w e w szystkich okresach rozw oju grochu i pszenicy.
4. A ktyw ność enzym u rośnie w  pierw szej fazie w zrostu k iełków , w  okresie  

butonizacji i w e w czesnej fazie tw orzenia się narządów reprodukcyjnych u roślin.
5. M iędzy aktyw nością  karbam ylotransferazy ornitynow ej i zaw artością zw iąz

ków  ureidow ych w  roślinach istn ieje ścisła zależność.

R eceived 8 N ovem ber 1962.
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[K,C]CARBAMOYL-|3-ALANINĘ AS PRECURSOR OF PYRIMIDINES
IN HIGHER PLANTS

In s ti tu te  of B iochem istry  and Biophysics, Polish A ca d em y  of Sciences, W arszaw a

Biosynthesis of pyrim idine nucleotides has been system atically  
studied on a  varie ty  of biological m ateriał for over ten  years. The 
pioneering research  of Reichard, K ornberg, W right and others has 
successfully established th e  enzyme system  and  th e  interm ediates of 
this process, called in  short “The orotic acid p a th ”. However, m ore 
recent work has show n th a t this m echanism  need not be the  only source 
of pyrim idine derivatives in  m icroorganism s and  various anim al organs. 
It has been pointed out th a t th e  free bases m ay play the part of in te r
m ediates in  an  a lte rna tive  path  of pyrim idine nucleotide biosynthesis, 
ąu ite  independent from  the  metabolistm of orotic acid. Research on 
ąuickly  grotwing anim al cells (regenerating tissue and tum orous growth) 
has been particu la rly  stim ulating  and th is new  path  has been described 
as “Sa'lvage m echanism ” of nucleotide biosynthesis (see review  by 
P . Reichard [14]).

It has been show n recen tly  in our laboratory  th a t uracil m ay also 
be an  in term ediate  of pyrim idine derivative synthesis in  h igher p lan ts [4]. 
In  this connection our a tten tion  has been d raw n  to N -carbam oyl-//-ala- 
n ine 1 as a possible precursor of uracil in  p lan t tissue particu larly  as the  
part played by //-amino acids and carbamoyl-/Z-amino acids in the  
anabolic path  has already been established in anim al organs [7, 10, 11] 
as well as in  m icroorganism s [6 ,9]. The only reference w e found 
concerning the  part of CBA in higher plants was the  work by Barnes 
& N aylor [1], who suggest th a t CBA undergoes exclusdvely catabolic 
changes in the  em bryos of longleaf and slash pines.

MATERIAŁ AND METHODS

Radioactive CBA labelled w ith 14C in the  carbam oyl group has been 
synthesized from  //-alaninę and  [l4C]KCNO according to  the m ethod of 
Nyc & M itchell [13]. The specific actiy ity  of the  [14C]CBA w as

* P resent address: A gricultural Institute, N ovi Sad, Y ugoslavia.
1 The fo llow in g  abbreviations are used: CBA, carbam oyl-/?-alanine; 5'-UM P, 

uridine-5/ -phosphate; 5'-CM P, cytid ine-5'-phosphate; З'СЗО-иМР, uridine-2/ (3/)-p hos- 
phate; 2'(3/)-CM P, cytidine-2'(3')-phosphate.
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2,200 counts/sec./umole. [i4C]KCNO was obtained by oxidation of 
[1 4C]KCN [12]. Ali o ther reagents w ere obtained from commercial 
sources.

A li experim ents were carried out on 5 days old excised blades of 
w in te r w heat, varie ty  “Dańkowska 40”, prepared as already described 
[15]; 2  g. sam ples of freshly cut off blades were im m ersed in 2  ml. of 
20 шм solution of [14C]CBA and incubated for 0.5, 2 , 8  and 24 hr., 
respectively, at 35°.

The determ inations of the total in take  of [14C]CBA and of the  excess 
recovered from  th e  p lant m ateriał w ere perform ed as in  the  case of 
feeding carbam oylaspartic acid [15], except tha t the  CBA not m eta- 
bolized by th e  p lan t has been separated  by paper chrom atography. 
For the  chrom atography of CBA a m ix tu re  of butanol and  3% amm onia 
(3:1, v/v) was employed [16], in which this compound moves w ith  
an  R f 0.20.

Extraetion, chrom atographic separation, identification and ąu an tita - 
tive determ inations of the pyrim idine derivatives as well as m easure- 
m ents of radioactiv ity  were carried out as already described [3 , 2 ].

RESULTS

The in tensity  of intake of CBA and the m etabolic changes in  the  
excised w heat blades are  illustrated  in Table 1. In the  first 8  hr. th e  
in tak e  in to  the  p lants was d irectly  proportional to  the tim e of incubation. 
A fterw ards the  speed of absorption has considerably dim inished. The 
absorbed [14C]CBA has undergone rap  id changes in  p lan t tissue and only 
a  p a rt  no t exceeding 40% of the  in take has been recovered as non- 
m etabolized CBA. The specifie aetiy ity  of the  [14C]CBA isolated from  
the  p lan t tissue has rem ained y irtua lly  on the sam e level as that of the  
su b s tra te  employed for feeding.

T a b l e  1

Ingestion and metabolism of / 14CJcarbamoyl-fi-alanine by excised wheat
blades

In each experim ent 2 g. sam ple of plants w as incubated at 35° w ith  2 ml. of 20 m  м 
solution  of [14C]CBA w ith specific aetiy ity  2,200 counts/sec./pm ole.

Time of 
feeding 

(hr.)

Uptake
(jumole)

Recovered Metabolized
(//mole)

(/unole) (counts/sec./jumole)

0.5 2.9 1.3 2,110 1.6
2 9.0 3.8 2,200 5.1
8 26.7 10.8 2,130 15.9

24 36.6 13.7 2,160 22.9
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Results of the  quan tita tive  determ inations of pyrim idine derivatives 
isolated  from  plan ts fed w ith [14C}CBA for d ifferen t periods of tim e as 
well as the  radioactiv ity  of the  various products a re  reported  in  Table 2 . 
A fter 30 m in. of incubation the carbon label was detected  in  uracil, 
u rid ine and  5'-UM P. The specific activ ity  of uracil has been 40 tim es 
g rea te r than  th a t of uridine, which w as tw ice as active as 5'-UM P. 
No activ ity  could be detected in  5'-CMP and in  the  iproducts of hydro- 
lysis of the  acid insoluble fraction. A fter 2 h r. of incubation a  fu rth e r  
sharp  increase in  the  ac tiv ity  of uracil, u rid ine and  5'-UM P has  been  
observed and also 5'-CM P and  the pyrim idine nucleotides of th e  acid 
insoluble fraction  have show n some sm ali bu t m easurable incorporations 
of 1 4C. F u rth e r extention of tim e of incubation w ith  [14C]CBA led to 
additional increases in  activ ities of the  investigated  compounds and  the  
specific activ ity  of uracil approached a fte r  8  hr. the level of [14C]CBA 
em ployed in  th e  feeding experim ent.

T a b l e  2

A m ounts  and specific activities of pyrimidine derivatives in wheat blades 
fed w ith  [^CJcarbamoyl-fi-alanine

A m ounts expressed  in nm oles/2 g. of fresh w eigh t, specific activ ity  in counts/sec./ 
цшоіе. C onditions of incubation as for Table 1.

Pyrimidine
compounds

Time of feeding (hr.)
0.5 2 8 24

/«noles sp.
act.

^moles sp.
act.

//moles sp.
act.

/tmoles sp.
act.

Acid-soluble fraction
Uracil 0.08 145 0.08 469 0.09 1090 0.07 1830
Uridine 0.33 3.7 0.35 11.6 0.35 43.1 0.30 89.8
5'-UMP 0.14 1.7 0.13 8.6 0.17 20.1 0.11 50.1
5'-CMP 0.09 0.0 0.07 4.5 0.09 12.1 0.11 43.7

Acid-insoluble fraction
2'(3')-UMP 1.14 0.0 1.18 0.6 1.16 1.5 1.04 3.3
2Ч30-СМР 1.33 0.0 1.37 0.4 1.30 1.2 1.18 3.1

The sum  of radioact.ivity recovered from  all the  pyrim idine deriva- 
tives in  experim ents w ith  varying tim es of incubation, am ounted  to 
about 0.5% of th e  labelled carbon in troduced w ith  the  [14C]CBA.

The experim ent reported  in Table 2 has been repeated  twice. 
In all 3 cases the in take  of [14C]CBA, th e  m etabolic changes and  the  
level of specific activities of the  investigated pyrim idine com pounds 
has been essentially  the  same. No radioactivity  could be detected  in 
e ither the  free  purine bases or in the  pu rine  derivatives of th e  acid 
soluble and acid insoluble fraetions up to 8  hr. of feeding.
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DISCUSSION

[14C]CBA absorbed by the plant tissue is rap id ly  m etabolized. Thus 
is should be assum ed th a t the  p lan t contains a com plete enzyme system  
catalysing CBA m etabolism . Yet the norm al tissue contains practically  
no CBA as the radioactive CBA introduced rem ained v irtua lly  undilu ted  
during the  experim ent (Table 1).

Follow ing the  in troduction of [14C]CBA into the  p lan t tissue, con- 
siderable radioactiv ity  could be detected in  uracil, uridine, 5'-UM P and 
5'-CMP. V ery sm ali but m easurable  am ounts of radioactiv ity  w ere also 
found in  the  products of hydrolysis of the acid insoluble fraction 
(Table 2). The incorporation of the  label of CBA in to  the above m en- 
tioned compounds proves th a t CBA is capable of anabolic changes in 
the p lan t tissue, despite the  fact th a t degradative changes constitu te 
the  m ain  path of CBA m etabolism , as previous‘ly pointed out by B arnes 
& N aylor [1 ].

The incorporation of CBA into pyrim idines and th e ir derivatives 
proceeds a t a considerably lower ra te  th an  that of carbam oylaspartic 
acid o r orotic acid, which under sim ilar conditions have shown about 
the  sam e ra te  of anabolic and  catabolic changes. F u rtherm ore  it m ust 
be strong ly  pointed out th a t the in troduction of carbam oylaspartic acid 
or orotic acid alw ays leads to  considerable increases in  the  absolute 
ąuan tities  of the investigated pyrim idines in  p lan t m ateria ł [15, 3, 2], 
w hereas the  introduction of CBA even in  prolonged experim ents leaves 
the levels of the  recovered pyrim idines v irtua lly  unchanged. The in ten- 
sity  of anabolic changes of CBA resem bles closely the resu lts  obtained 
on in troduction  of uracil in to  excised w heat blades [4].

The specificity of experim entation in vivo  is necessarily  lim iting the  
chances of explanation of the  m echanism  of m etabolic changes w ith in  
the  tissue. N evertheless in  view of the  resu lts  reported  in  this paper 
we Ьеііеѵе tha t it is justified to assum e th a t uracil is th e  first product 
of CBA anabolism  in p lan t m ateriał. This observation seems to  be 
particu la rly  in teresting  in  view of the  fact tha t in  anim al organs [1 1 ] 
as w ell as in m icroorganism s [9] the  form ation of the  pyrim idine ring  
is reported  to be preceded by reactions of ribosidation and  ribotidation. 
The suggestion tha t CBA is d irectly  converted in to  uracil is supported  
by following observations: (1 ), 14C w as rap id ly  incorporated into uracil 
a lready  a fte r  30 min. of feeding w ith  [14C]CBA; (2), uracil show ed 
specific activ ity  40 tim es higher than  uridine, w hich in  tu rn  was twice 
as radioactive as 5'-UMP, the  only pyrim idine nucleotide showing rad io- 
activ ity  a fte r  30 min. of incubation; (3), a fte r 8  hr. of incubation w ith  
[14C]CBA, the  specific activ ity  of uracil has nearly  equalled that of th e  
CBA used for the  feeding of the  plant.
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The only possible in term ediate  in the  synthesis of uracil from  CBA 
could be dihydrouracil. We w ere unable to detect the  presence of th is 
m etabolite in our inyestigations, but the  work of M okrasch & Grisolia 
[1 0 ] seem s to support th is view.

The m etabolism  of CBA in to  uracil, followed by fu rth e r anabolic 
changes reported previously [4] m ay constitute an  a lternative  w ay of 
the  pyrim idine nucleotide synthesis in  higher plants, independent of th e  
orotic acid path. This a lternative  path  could not be lim ited to th e  role 
of “salvage m echanism ” as proposed for the anabolic changes of free 
pyrim idine bases in anim al cells [14], because the  plant m ateria ł used 
in no w ay resem bles regenerating  tissue or tum orous growth.

F urtherm ore  the m echanism  controlling th e  in tensity  of the  observed 
changes in  p lan t m ateria ł seems to be d ifferen t from  the one in  anim al 
tissue. According to th e  suggestion of Canellakis [5] supported  recently  
by Fritzson [8 ] the  in tensity  of pyrim idine synthesis in anim al tissue 
is regu lated  by the activ ity  of th e  enzymes catalysing th e ir  degradation. 
A lthough in  the  experim ents reported  in  th is paper the  degradative 
changes are  also incom parably m ore in tense than  anabolic changes, 
yet there  rem ains in th e  p lan t tissue a considerable ąu an tity  of non- 
m etabolized CBA (Table 1). For this reason the  Iow ra te  of anabolic 
changes of CBA in to  pyrim idines cannot be explained by the  exhaustion 
of th e  substra te  owing to the  cataly tic  activity  of the  degradative 
enzymes.

The resu lts  obtained indicate tha t th e re  a re  m arked  differences in  
the  utilisation of CBA in  p lan t m ateria ł on one hand and in  anim al 
tissues and  m icroorganism s on th e  other. P articu la r a tten tion  is d raw n  
to the fact tha t uracil is an  in term ediate  in the  synthesis of pyrim idine 
nucleotides in higher plants.

SUMMARY

In excized w heat blades fed w ith [14C]carbamoyl-/?-alanine a rap id  
incorporation of radioactiv ity  in to  uracil has been observed. Considerable 
activ ity  was also detected in uridine, 5'-UM'P and  5'-CMP, an>d some 
activ ity  in  the  pyrim idine nucleotides of the  acid-insoluble fraction. 
The to ta l radioactivity  recoyered from  the  pyrim idine derivatives 
am ounted to about 0.5°/o of th e  m etabolized [14C]carbamoyl-/?-alanine.
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[14C]KARBAM YLO-/5-ALANINA JAKO PREKURSOR PIRYM IDYN U ROŚLIN
WYŻSZYCH

S t r e s z c z e n i e
O dcięte źdźbła pszenicy dokarm iano [14C]karbam ylo-/J-alaniną. Stw ierdzono jej 

szybką przem ianę do uracylu oraz w łączanie 14C do urydyny, 5'-U M P  i 5'-CM P. 
N iew ielk ą  radioaktyw ność stw ierdzono także w  nukleotydach pirym idynow ych  
frakcji kw asonierozpuszczalnej. R adioaktyw ność odnaleziona w  pochodnych p iry
m idynow ych  stanow i około 0,5% aktyw ności karbam ylo-/5-alaniny, która uległa  
przem ianie.

R eceived ,16 N oyem ber 1962.
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THE METABOLISM OF MOUSE EMBRYO CELLS GROWN IN  VITRO 
AND INFECTED WITH THE ONCOGENIC YIRUS SE POLYOMA *

D e p a r tm e n t  of Physiological C h em is try  and D epartm en t of Medical Microbiology,
Medical School, K ra k ó w

P enetration  of v irus in to  the  host cells produces profound m etabolic 
changes, as a resu lt of which the  basie processes in  the celi serve the 
syn thesis of v irus particles. The character of these m etabolic changes has 
been extensively stud ied  on baeteriophage-infected Escheńchia coli cul- 
tu re s  by 'Cohen et al. [5, 6 , 16], Hershey & Chase [9], P ardee et al. 
[18, 19], and  recen tly  by K ornberg et al. [13]; infection by bacteriophages 
w as found to activate  eertain  enzymes, inhibit o thers and  in itia te  pro- 
duc tion  of new  enzymes [2 1 ]. Synthetic processes leading to the  for
m ation of new  DNA molecules, proteins and pyrim idine bases predom i- 
nate. It is generally  assum ed that the  energy for the  increased syntheses 
is supplied by ATP, a lthough it is still insufficiently  elucidated which 
processes leading to  ATP generation a re  utilized by the cells for the  
.synthesis of bacteriophages. According to  Cohen [21], norm al oxidation 
processes a re  th e  source of energy; although after the  infection of the  
celi by bacteriophage th ey  a re  not intensified, the  ATP produeed is 
utilized for the  synthesis of new  non-physiological components. However, 
some data  indicating th e  inhibition of some resp irato ry  enzymes in  bac
teriophage-infected  cells have been also published [1 1 ].

The m etabolic changes in virus-infected  anim al cells a re  still m ore 
com plicated [12, 14]. The experim ental results point to  a great d iversity  
of the m etabolic effects of infection, espeoially those affecting resp iration  
and glyeolysis. Some experim ents indicated no increase in resp iration  of 
the  infected cells, and even the  possibility of virus reproduction under 
anaerobic comditions. O ther experim ents dem onstrated  dependence of 
viral reproduction on oxidative phosphorylation. W hile some au tho rs 
have observed a m arked increase of glyeolysis in infected tissues, o ther 
did not m ention such changes or even noted diminished anaerobic 
glyeolysis.

The experim ents on the  m etabolism  of anim al cells infected by 
yarious yiruses w ere carried  out under widely differing conditions (on

• This study w as partia lly  supported by a grant from  the C om m ittee of M edical 
Sciences, Polish  A cadem y of Sciences (Section in Kraków).
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organs, slices, tissue homogenates, tissue cultures) but the  m etabolic 
effects of infection by oncogenic viruses have not yet been studied. The 
possible changes in  respiration and glycolysis could be of special value, 
sińce the  transform ation of a norm al celi into a neoplastic one is asso- 
ciated w ith  changes in  th e  m etabolism  of glucose described in  the  clas- 
sical work of W arburg. Therefore we have undertaken  a study  of th e  
resp ira to ry  m etabolism  of celi cultures infected with th e  SE polyoma 
virus, which had been m aintained at the  D epartm ent of Medical M icro- 
biology, Medical School, Kraków, and  described by Porw it-B óbr et al. 
[20] and  Chłap et al. [4].

The polyoma v irus described in  1933 by S tew art et al. [2 2 ], w hen 
in troduced into new born mice, ra ts  or ham sters causes a fte r a certain  
tim e neoplastic lesions of various histological character and  localization. 
The virus m ultiplies easily in  cu ltures of m ouse embryo cells. L ittle  is 
know n up to no w about its Chemical properties; it probably co ntains 
deoxyribonucleic acid and  is of relatively  sm ali size [22]. I ts  s tru c tu re  
and physical properties have been described on the  basis of electron- 
-microscopic studies [15].

MATERIALS AND METHODS

Tissue cultures. Em bryos of the  Porton  s tra in  m ice w ere used for the  
experim ents. The m em branes and  placenta w ere  rem oved and  th e  tissue 
was chopped w ith scissors and washed. The celi suspension w as prepared  
in 0.25% trypsin  solution (Difco) and  m ixed w ith a m agnetic s tirre r . 
The centrifuged  cells w ere added w ith a volum e of the m edium  to obtain  
a suspension containing 105  cells per ml. The grow th m edium  consisted 
of E arle’s salt solution, 0.5% lactoalbum in hydrolysate (N utritional Bio- 
chemicals Corp., Cleveland, Ohio) and 10% calf serum . The cells grew  
on the  w alls of Roux flasks as a m onolayer.

Virus. The original SE polyoma virus had been obtained from  th e  
G. Roussy In stitu te  in  V illejuif thanks to the  courtesy of Dr. G. Barski, 
and a s tra in  derived from  the m ouse em bryo celi cu lture passage w as 
used for the experim ents.

Infection of cultures w ith  virus. In young 48-hr. cu ltu res of m ouse 
em bryo cells the  m edium  w ith 1 0 %  calf serum  was replaced by one 
containing 3% serum . Im m ediately thereafter 1 ml. of virus, infectious 
tite r  105 TCID per ml. (tissue cu ltu re  infectious dosis), was added to  eacn 
Roux fiask containing on the average 70 X 105 cells.

In fectiu ity  titration. V irus cu ltu re  fluid, d ilu ted  10_i to  10~ 10 w ith 
E arle’s salt solution, was added to  the  cu ltu res of mouse em bryo cells 
in  am ount of 0.1 ml., 5 tubes of cu ltu re  being used for each dilu tion. 
The tissue cu ltu re  infectious dosis was calculated a fte r K arber [10] by 
studying the cytopathogenic effect.
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Preparation of the materiał for biochemical studies. Two series w ere 
p repared  sim ultaneously: cultures of cells infected w ith the v irus and 
uninfected  cu ltu res (Controls). The cells w ere exam ined before the  infec
tion  and 1, 3, 5, 6 , 7, and 9 days a fte r  the  infection. On the  7th day after 
infection m any cells show ed signs of degeneration and becam e detached 
from  the walls of the  Roux flasks. The m ateriał taken  on the  9th day 
w as composed only  of the  cells still attached to the  glass. The m edium  
from  1 2  flasks w as decanted and discarded together w ith the  detached 
cells present in the  fluid. The flasks w ere then  washed w ith K rebs-R in
g e r solution, pH 7.4, the  cells rem aining on the glass w ere detached by 
scrubbing  w ith  a brush, w ashed twice, centrifuged, and suspended in 
a sm ali volum e of K rebs-R inger buffer solution w ithout glucose. The 
am ount of cells in  the  suspensions was estim ated by determ ining  their 
d ry  weight.

Estimation of охудеп consumption. Endogenous respiration was m ea- 
su red  by the  m ethod of W arburg [23] a t  38° in  K rebs-R inger phosphate 
buffer, pH 7.4, w ith KOH being placed in  the cen tral well. Respiration 
in  th e  presence of glucose was estim ated a fte r  adding to th e  vessel 
glucose to finał concentration of 1 0  шм.

Aerobic glycolysis. Lactic acid was assayed by the B arker & Sum- 
m erson m ethod [1] a fte r incubation of the  cells w ith K rebs-R inger solu
tion added with glucose to 1 0  шм concentration.

RESŁLTS

The resu lts  of determ inations of increase of v irus titers  in  the cu lture  
m edium  are  presented in Fig. 1. The earliest detectab le am ounts of the 
v irus in  the m edium  appeared 48 hr. a fte r infection, followed by an

Fig. 1 Fig. 2

Fig. 1. The SE polyom a virus in fectiv ity  titer in m ouse em bryo celi cu lture medium. 
Fig. 2. A erobic g lyco lysis in m ouse em bryo celi culture (O ), norm al and ( • ) ,  

in fected  w ith  SE polyom a virus.
http://rcin.org.pl
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increase leading to m axim um  steady  values on the 7 th  day  which coin- 
cided w ith  the beginning of th e  cytopathogenie effect. In earlier stages. 
no cytopathogenic effect w as observed microscopically.

T a b l e  1

Endogenous respiration of mouse embryo celi cultures uninfected  
and infected w ith polyoma virus

Day after 
infection

Expt.
no.

Oxygen consumption during first 
20 min. of experiment 
(/d./hr./mg. dry wt.)

Uninfected control 
cells

Infected cells

.— 1 11.1 ._
2 11.4 _

1 1 15.8 10.8
2 11.3 6.8

3 1 13.0 11.3
2 13.0 7.0

5 1 6.7 5.2
2 9.5 3.4
3 8.9 6.3

6 1 11.9 9.2
2 8.8 6.1
3 8.5 3.4
4 15.6 6.6
5 7.5 1.6
6 10.5 2.7

7 1 7.2 0.8
2 9.3 0.9
3 10.0 1.4

9 1 10.5 4.9
2 12.2 10.3
3 9.3 7.2

The endogenous oxygen consum ption by m ouse em bryo celi cu ltu re  
infected o r uninfected w ith  polyoma virus is show n in  Table 1. The 
infected cells displayed dim inished oxygen consumption w hen com pared 
w ith the  uninfected cells. Differences in  resp iration  could be noted 
already  24 hr. a fte r infection. Later, the  degree of inhibition varied  from  
one experim ent to  another. On th e  6 th  and  7 th  day, i.e. just before the  
appearance of the cytopathogenic alterations in  the  cells, the  respiration 
was the  sm allest.

These experim ents showed th a t the  first release of the  v irus in to  
the m edium  was preceded by the  reduction of oxygen consum ption

[41
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observed a fte r  24 hr. The lowest oxygen consum ption coincided in  tim e 
w ith the  presence in  the  m edium  of the  largest am ount of virus and  the 
appearanee of necrotic changes in  the  cells. Oxygen consum ption on the- 
9th day a fte r  infection was due  to the cells rem aining on the  glass a fte r 
the  detached, i.e. necrotic cells had  been discarded w ith  the medium.. 
Endogenous resp iration  of the  cells selected in this way was m uch h igher 
than  in  the  whole m ateria ł before th e  appearanee of cytopathogenic 
changes.

T a b l e  2

The effect  of 10 т м -glucose on охудеп consumption by mouse em brya  
celi cultures uninfected and infected w ith polyoma virus  

M ean values of 3 experim ents are given.

Days after 
infection

Cells

Mean values of oxygen 
consumption during lst 

hour of experiment 
Oul./hr./mg. dry wt.)

t

Changes in 
oxygen con

sumption

endogenous in presence 
of glucose (%)

— From 24-hr. uninfected culture 
Attached to glass 8.1 6.5 —20
Free in medium 12.0 14.0 +  17

1 Uninfected 11.5 9.8 — 15
Infected 6.2 4.1 —34

3 Uninfected 8.9 6.6 —26
| Infected 6.3 4.1 —35

5 Uninfected 6.5 5.2 —20
Infected 3.7 1.7 —54

6 Uninfected 10.4 6.2 —40
Infected 8.1 4.5 —44

7 Uninfected 7.6 5.1 — 33
Infected 3.6 2.0 —45

9 Uninfected 15.2 12.2 —20
Infected 11.2 9.4 — 16

Oxygen consum ption in  the  presence of glucose both by infected 
mouse em bryo cells and  by uninfected ones, was lower than  th e  endo
genous oxygen consum ption (Table 2). Inhibition of oxygen consum ption 
by glucose, i.e. the  C rab tree  effect, was alw ays greater in  the  cells 
infected w ith  polyoma v irus except in  those cells which had survived the 
period of cytopathogenic a lterations and w ere exam ined on the  9th day. 
In 24-hr. un infected  cultures, the m orphologically homogeneous cells 
attached to glass showed differences in oxygen consum ption in  the 
presence of glucose. This could be anticipated, as the  C rab tree  effect
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had been previously observed [8 ] in  p rim ary  cultures soon a fte r their 
initiation. The rem aining, m orphologically different types of cells, which 
w ere suspended in  the  medium, did not display the  C rabtree effect.

The characteristic  fea tu re  of the  m etabolism  of neoplasm as and  of 
m any celi lines cultivated in vitro, th e  aerobic glycolysis, was found also 
in the non-infected m ouse em bryo cells. The infection augm ented the 
production of lactic acid in infected  cells (Fig. 2) th e  increase being 
proportional to the increase in v irus form ation. In the  uninfected cu l
tures, aerobic glycolysis also increased w ith  tim e but this increase was 
slow er and  was probably  due to the  long period of cu ltivation  on un- 
changed m edium . Aerobic glycolysis in  the  infected m ateria ł was inhi- 
b ited  on the  7th day a fte r  infection w hen it becam e even low er than  
in the  control m ateriał. The reduction  in  lactic acid form ation w as cor- 
re la ted  in  tim e w ith the  decrease in  oxygen uptake, detachm ent of the 
cells from  the glass and the  appearance of cytopathogenic changes,

DISCUSSION

Two approaches m ay be distinguished in the  studies on th e  m eta
bolism of cells infected with viruses. One of them  is concerned w ith the 
synthesis of the  virus in  the cells and  optim um  conditions for th is 
process, and the  second one w ith the  dam aging effect of anim al viruses 
on celi m etabolism  a fte r the term ination  of the  virus developm ental 
cycle. The form er studies w ere usually  perform ed w ith an  excess of the  
virus as com pared with the  am ount of cells, and w ere not extended 
beyond th e  period of one developm ental cycle of th e  virus. In order 
to ascerta in  w hether the energy fo r anim al virus synthesis is provided 
by the oxidative processes o r by glycolysis, experim ents w ith  inhibitors 
o f the  K rebs cycle o r resp ira to ry  chain, determ inations of respiration 
and of glycolytic activ ity  w ere carried  out [1 2 , 14]. The stim ulation of 
the resp ira to ry  activ ity  of the  cells during  m ultiplication of viruses, 
expected  by sorne authors, w as not observed; in  most cases the  oxygen 
consum ption by infected m ateria ł exam ined during th e  ecliptic phase 
did not d iffer from  th e  oxygen consum ption by control m ateriał. Reduc
tion of oxygen uptake occurred sim ultaneously  with the  release of v irus 
in to  th e  m edium .

On the o ther hand, increased aerobic glycolysis was found as a  ru le  
in  th e  infected m ateriał. This m igh t ind icate participation of th e  energy 
of glycolysis in the virus synthesis o r m ight be due  to non-specific 
in ju ry  to the  cells. The variety  of th e  v ira l and  tissue m aterials studied 
was certa in ly  responsible for th e  discrepancy of obtained resu lts.

The studies on the dam aging effect of virus infection a re  of special 
im portance in  the  case of cells infected w ith oncogenic viruses. W hile 
the m ajo rity  of these cells undergo necrosis, those w hich surv ive develop
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p roperties  which, according to W arburg [24], a re  characteristic  for neo- 
p lastic  m etabolism . As far as we a re  aw are, studies on the m etabolic 
changes in cells in fected  w ith  oncogenic viruses, in  particu lar w ith  the 
polyom a virus, have not been reported .

In  o u r experim ents, during  the  developm ental cycle and before the 
appearance  of the m axim um  am ount of virus in  the  medium, th e  effect 
of the  v irus on the  cells steadily  increased. The decrease in  endogenous 
oxygen consum ption and  the increase in aerobic glycolysis observed 
a lready  24 h r. a fte r  infection, i.e. before the  appearance of virus in  the  
m edium , m ight constitu te evidence for a lterations in  the  m etabolism  
of the  cells. The fluctuations in  the  decrease in oxygen consum ption 
betw een  the lst anid 5th day  of observation w ere probably due to  changes 
in  the  proportions of the cells a lready  dam aged and in  the  stage of 
secondary  infections, and of still in tact cells. The curve of increasing 
aerobic glycolysis has an  analogous shape to  tha t of increasing v irus 
infectious titer. On the  critical 7th day a fte r  infection, w hen necrotic 
changes in the  cells were firs t o'bserved, th e  am ount of th e  v irus reached 
its  m axim um  and it did not rise  fu rth e r  either because of th e  exhaustion 
o f cells necessary for the  synthesis of virus, or slś the resu lt of develop- 
m ent of defense m echanism s in  th e  still undam aged cells.

The curve of increase of SE polyoma infectious tite r  in the  m edium  
resem bles th a t obtained by  Negroni w ith th e  M ill-Hill virus [17]. When 
th is au tho r infected cu ltu res of m ouse em bryo cells w ith  an  excess of 
the virus, the  cytopathogenic effect as w ell as the  release of th e  largest 
num bers of v irus infective particles occurred on th e  5th day  a fte r  infec
tion, i.e. only tw o days earlier th an  in  our experim ents. These data 
ind icate tha t both types of the  polyoma virus develop at a slow er ra te  
th an  o ther anim al viruses. O ur experim ents perform ed on the  9th day 
a fte r  infection perta in  only to  cells which survived the  period of infec
tion, constitu ting therefo re  selected m ateriał w ith  a m etabolism  different 
from  th a t of the original m ateriał. The surviving cells w ere m ore re- 
sistan t, o r able to develop defense m echanism s, possibly leading to tran s- 
form ation in to  neoplastic cells. These cells m ay correspond to  the  fibro- 
b last-type cells described by Negroni [17], m ore resistan t to the virus 
and  capable of surviving th e  period of cytopathogenic changes m anifested 
m ainly  in  sensitive em bryo cells of the  epithelial type.

The C rabtree effect is characteristic  for the m etabolism  of cells cul- 
tiva ted  in vitro  [8 ] as w ell as for aerobically  glycolysing neoplastic cells. 
The increased C rab tree  effect in  cells infected w ith the  polyoma virus 
is connected w ith the  increased aerobic glycolysis. According to  present 
views, the  C rabtree effect is due to a lack of ADP and inorganic phos- 
phate (Pj) which a re  essential for activation of th e  resp ira to ry  chain, 
and  to exhaustion of the ATP pool available to  hexokinase [2, 3]. In 
a  previous study  [7] th e  im portance of phosphorylation of glucose for 
4

(71
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the  in itiation of the  C rab tree  effect was dem onstrated. It seem s that 
the synthesis of virus in  the  cells not only d irec tly  exhausts the  energetic 
reserves of the celi but also affeots the  eąuilibrium  in the m etabolism  
of phosphorus oompounds. Nucleotides and  Pj w hich are  essential for 
electron transfer coupled w ith  oxidative phosphorylation in  the  resp ira 
to ry  chain, a re  also reąu ired  for the synthesis of new  nucleic acids. 
Nucleotides incorporated into viral nucleic acid a re  lost to  the celi. The 
uncontrolled and  rap id  synthesis of viral nucleic acids does not stim ula te  
the  reactions connected w ith energy production. Com petition for Pj and 
nucleotides and energy for th e  synthesis of th e  nucleic acids d istu rbs 
the  eąuilibrium  in the  celi and  leads to its  death. F u rth e r studies con- 
cerning these assum ptions have been undertaken .

SUMMARY

Endogenous resp iration  and  aerobic glyeolysis in  m ouse em bryo celi 
cu ltu re  uninfected and  infected .with SE polyoma virus w ere estim ated. 
The release of virus to  the m edium  was preceded by  a decrease of oxygen 
consum ption and  an  increase of lactic acid production. The greatest 
decrease of oxygen uptake and  an inhibition of glyeolysis w ere found on 
the 6 th  and  7th day  a fte r infection, just before the  cytopathogenic effect 
appeared. The surviving cells exam ined on the  9th day showed g reater 
oxygen consum ption and glyeolysis than  during  the  cytopathogenic 
process.

The C rabtree effect was g rea ter in  th e  infected cells th an  in  un in 
fected ones; th is m ay be due to a shun t of phosphorus compounds which
activate the  respiration, to the  synthesis of viral nucleic acids.
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METABOLIZM EMBRIONALNYCH KOMÓREK MYSICH, HODOWANYCH
IN VITRO  I ZAKAŻONYCH ONKOTWÓRCZYM WIRUSEM SE POLYOM A

S t r e s z c z e n i e
W em brionalnych kom órkach m yszy, hodow anych in vitro ,  niezakażonych i za

każonych w irusem  SE polyom a badano oddychanie endogenne i g likolizę tlenow ą. 
U w alnianie w irusa do środow iska było poprzedzone zm niejszeniem  zużycia tlenu  
i w zrostem  produkcji kw asu m lekow ego. N ajw iększe zaham ow anie zużycia tlenu  
oraz ograniczenie glikolizy w ystępow ało  w  6 i 7 dniu po zakażeniu, tuż przed  
ujaw nieniem  się zmian cytopatogennych. Kom órki, które przetrw ały okres zmian  
cytopatogennych, badane w  9 dniu, w ykazyw ały  w yższe w artości zużycia tlenu  
i zw iększenie glikolizy.

Kom órki zakażone w yk azyw ały  w iększy  efek t Crabtree niż kom órki n ieza- 
każone. Fakt ten autorzy tłum aczą zużyw aniem  do syntezy kw asów  nukleinow ych  
w irusa zw iązków  fosforow ych, niezbędnych dla aktyw acji łańcucha oddechow ego.

R eceived 15 N ovem ber 1962
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OF FROG TISSUES DURING FEEDING AND STARVATION

D e p a r tm en t of Biochem istry ,  Nencki Ins ti tu te  of Experim enta l Biology, W arszaw a

The ro le of phospholipids as interm ediate products form ed during  
th e  absorption of fat still rem ains controversial. Experim ental evidence 
has been put forw ard both for and  against the  assum ption of phospho
lipids being involved in  fat absorption [cf. 15]. However, m ost studies 
concerning the  digestion and  absorption of lipids have been perform ed 
on m am m als and  our knowledge of these prooesses in  lower anim als is by 
far insufficient. It seems th a t evidence gained in  experim ents on  low er 
anim als m ay contribute to elucidation of some ąuestions of generał 
im portance.

In the  experim ents reported  here  the  frog (Rana esculenta) has been 
used, as this anim al has been found previously [4] to be able to absorb 
appreciable am ounts of fat given in  the  diet. It has been show n also 
by histochem ical metho-ds th a t in  frogs th e  absorption of fat is accom - 
panied by form ation of phospholipids in the  in testine [4].

In the  present s tudy  th e  effect of fat and protein  feeding on th e  
incorporation of 33P-labelled orthophosphate into the  phospholipids of 
various frog tissues has been investigated.

METHODS

The frogs had been caught in  Septem ber and  kept w ithout food a t 
7° - 10°. The experim ents w ere perform ed on anim als of both  sexes, from  
October to April. Before each experim ent a certain  num ber of anim als, 
weighing about 40 g. each, w ere  transferred  to  and kept a t room  tem pe
ra tu rę  for 2  to 3 weeks. The fasted frogs were given o rally  o r sub- 
cutaneously single doses of Na2H 3 2P 0 4 . Each anim al received 5 to  10 mg. 
Grthophosphate containing from  50 to 80 mc 3 2P, in  0.2 ml. aąueous 
solution.

Three types of experim ent w ere perform ed: (1), frogs w ere  given 
both [3 2P]orthophosphate and 0.2 ml. оііѵе oil orally ; (2), the  anim als 
were given Na2 H 3 2P 0 4  subcutaneously and  0.2 ml. оііѵе oil orally ; (3), th e  
oral adm inistration of Na2 H 3 2P 0 4 was followed by 100 mg. egg w hite, 
given orally . In each experim ent tw o eąual groups of about 10 anim als
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w ere used. One group received only the radioactive orthophosphate solu
tion and  served as control, w hereas the  o ther group was trea ted  as des
cribed above. The anim als w ere k illed a t in tervals of one to  six days 
after the treatm ent. Each type of experiment was repeated several times.

The Ііѵег, stornach, sm ali in testine and, in  some cases, the  muscles 
(gastrocnemii) and  b rain  w ere ąuickly  excised; blood was taken by heart 
puncture. The stornach and  in testine w ere opened and thoroughly washed 
for 5 min. under a  stream  of tap  water. The w eighed tissues w ere cut 
in to  sm ali pieces, ground w ith sand in  a m ortar, and the  lipids w ere 
repeated ly  ex tracted  w ith 50 volumes of boiling chloroform  - m ethanol 
(2:1, v/v). The oombined lipid extracts w ere filtered  and the  solvent was 
evaporated under reduced pressure  alm ost to dryness. To the resulting 
residue a few  drops of w ater w ere  added and  the  lipids w ere re-ex tracted  
w ith petroleum  ether - chloroform  (2:1, v/v). The extract was d ried  over 
anhydrous Na2 S 0 4 , filtered  and  m ade up to a know n volume.

The rad ioactiy ity  of the lipids was m easured in suitable sam ples 
w ith the  use of a th in  mica end-w indow  Geiger-M iiller counter.

P a r t of the  lipid ex tract was taken for phosphorus determ ination. 
This was carried  ou t according to Fiske & Subbarow [6 ], a fte r  digestion 
w ith concentrated  n itric  and  su lphuric acids. The am ount of phospho- 
lipiids was calculated by m ultip ly ing the  phosphorus value by 25.

Radioactive orthophosphate was purchased from  the  In stitu te  for 
N uclear Research, W arszawa.

RESULTS

The weights of frog organs and  the  phospholipid contents in yarious 
tissues are recorded in  Table 1. As is seen, the  phospholipid contents 
in  the  muscles, stornach and in testine are  m ore or less stable, yarying 
w idely only  in  the  Ііѵег.

T a b l e  1
Phospholipid content of various frog tissues 

T he m ean values, ±  S.E. are given; in parentheses the lim it values. The am ount
of phospholipids w as calculated by m ultip lying the phosphorus value by 25.

Tissue
No. of frogs 

analysed
Organ wt. 

(g.)

Phospholipid 
content 

(% offresh tissue)

Liver 75 1.17 2.79 +  0.130
(0.45—2.56)

Stornach 75 0.76 0.90+0.019
(0.40—1.65)

Intestine 75 0.70 0.98 +  0.025
(0.30—1.64)

Muscles (gastrocnemii) 60 1.40 0.53+0.019
(0.60—2.10)
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Оііѵе oil feeding. Following the  32P adm inistration, labelled phospho- 
lipids appeared in all tissues exam ined both  of the  fasted  and the odl-fed 
frogs. Table 2  presents the resu lts of a typical experim ent on frogs 
which received both оііѵе oil and  Na2 H 3 2PO/t orally. F ive experim ents 
of th is kind w ere perform ed and  gave ąu ite  sim ilar resu lts. No d iffe- 
rences w ere found betw een m ales and  fem ales. It can be seen from  
Table 2 th a t the  incorporation proceeded in  the  frog ra th e r  slowly and 
did not reach its m axim um  until the  th ird  (in th e  intestine) or the  
fourth  day (in blood and  Ііѵег) a fte r  the  test meal. In  th e  stornach, 
m uscles and brain, the  radioactiv ity  of phospholipids showed a con- 
tinuous rise w ith in  the  tim e lim it of th e  experim ent.

The am ounts of 32P incorporated in to  th e  phospholipids varied  
w idely from  one tissue to another. The highest radioactivity  was 
revealed by the in testinal phospholipids. Considerable am ounts of

Fig. 1. E ffect of оііѵе oil feeding on the incorporation of 32P into phospholipids  
of frog tissues. (----- ), Control; (------ ), оііѵе o il-fed  anim als. D etails as in Table 2.

radioactive phospholipids appeared in the  Ііѵег, sm aller but still 
significant am ounts w ere found in th e  stornach and  blood, whereas only 
m inutę  labelling of the  m uscle and brain  phospholipids occurred 
throughout the  experim ent.

The specific activ ity  of the  in testinal phospholipids exceeded m any 
tim es th a t of all o ther tissues examined.

The effect of оііѵе oil feeding on th e  incorporation of 3̂ P into 
phospholipids of various tissues is shown in  Fig. 1. The m ost strik ing  
response was observed in  the  sm ali in testine and in  th e  blood. The 
specific activ ity  of the  in testinal phospholipids was several tim es higher, 
and th a t of the  blood phospholipids even up to 2 0  tim es higher, in  th e  
fed an im als than  in  the  fasted ones.

http://rcin.org.pl
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A sharp  increase in  the  specific aetiv ity  of Ііѵег phospholipids was 
also found to folio w the  оііѵе oil feeding (Fig. 1). The difference betw een 
the corresponding values for the  control and fed anim als increased w ith 
tim e and  was highest on the fourth  day a fte r  the  test meal. B ut even

Fig. 2. E ffect of оііѵе oil feed ing on the incorporation of 32P  into phospholip ids  
of frog tissues. Each anim al w as given  subcutaneously a single dose of 5 mg..
Na2H32P 0 4 (2.7 X 10* counts/m in./m g.) in 0.2 ml. aąueous solution. (------), Control;

(------), оііѵе o il-fed  anim als (single doses of 0.2 ml.)

at the  m axim um  of incorporation the  specific activ ity  of Ііѵег phospho
lipids w as about 16 tim es lower th an  th a t of the  sm ali in testine  and 
about 5  tim es low er than  th a t of the  blood phospholipids.

A sm aller but still significant increase in  the  specific activ ity  of the 
stornach phospholipids in  response to оііѵе oil adm inistration  was

Fig. 3. Incorporation of S2P into phospho
lipids of frog tissues, in fasted  and pro- 
tein-fed anim als. Each an im al w as given  
orally 5 mg. N a2H32P 0 4 (2.5X10® counts/ 
/min./mg.) in 0.2 ml. aąueous solution.
(----- ), Control; (------ ), protein -fed  anim als

(single doses of 100 mg. egg w hite)

revealed on th e  fourth  and  subseąuent days of experim ent. The labelling 
of m uscle and  brain  phospholipids w as not m arkedly  influeneed by fat 
feeding.
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The seoond type of experim ent was carried out on frogs which 
received radioactive orthophosphate subcutaneously and  оііѵе oil orally  
(Fig. 2). The d istribu tion  of 32P showed generally  the  sam e pattern , and 
th e  ra te  of incorporation in to  various tissues followed a sim ilar tim e 
course, as in  frogs given th e  raidioisotope orally. The highest specific 
activ ity  was likewise observed in  the  in testinal phospholipids, exceeding 
several tim es that of the  Ііѵег phospholipids. Оііѵе oil adm inistration 
very  strongly  stim ula ted  th e  uptake of 32P giving rise to a sharp  increase 
in the specific activities of phospholipids in  the  intestine, blood and Ііѵег.

Protein feeding. The effect of egg w hite adm inistration  on the  32P 
incorporation in to  phospholipids is shown in  Fig. 3, which presents 
the  resu lts  of a typical experim ent. Three experim ents of this kind gave 
the same results. P ro tein  feeding did not influence the labelling of phos
pholipids. Both the distribution of radioactive lipids in the tissues and 
the specific activities of the phospholipids appeared to be alm ost iden- 
tical in the fed and in the fasted animals.

DISCUSSION

The incorporation of 32P into phospholipids of various frog tissues 
has been found to proceed a t a  very  slow ra te  as com pared w ith 
m am m als so fa r  investigated by o ther authors. In the  rat, the  highest 
incorporation (in Ііѵег and intestine) has been observed a t about 1 0  

to 12 hr. [13] or even a t about 6  hr. [1] a fte r  adm in istra tion  of the radio- 
isotope, and  in  the  dog it was noted a fte r about 18 hr. [5, 19]. In the 
p resent study, m axim um  incorporation of 32P into the  in testina l phospho
lipids of the  frog was not reached untiil the  th ird  day  a fte r  the test 
meal, and was a tta ined  even la te r in  o ther tissues. This seem s to 
correspond w ith the  tim e course of fat absorption which has been shown 
by Dominas et al. [4] to be a very  slow process in  th e  frog and  to a tta in  
its  m axim um  on the th ird  day a fte r  feeding.

It is of some in terest to  note th a t in  the  frog th e  m axim um  of 32P 
incorporation is achieved in  the  in testine at an earlier tim e than  in the 
Ііѵег, in  contrast to the  ra t w here the  labelling has been found to proceed 
faster in  th e  Ііѵег than  in  the  in testine [13]. The continuous rise  of radio- 
ac tiv ity  show n by the stornach phospholipids w ith in  the  tim e lim it of 
experim ents is consistent w ith the  observatk>n of Fries et al. [7].

The d istribu tion  of 32(P in  phospholipids of various tissues strongly  
suggests that, in  the  frog, the  most active organ  w ith regard  to phospho- 
lipid synthesis is th e  sm ali intestine, and  to a lesser extent the Ііѵег. 
This seem s to  be tru e  both for orał and  subcutaneous adm inistration  of 
radioactive orthophosphate, thus presenting a m arked  con trast w ith the  
findings of o ther au thors in experim ents on m am m als. W ith ra ts  or 
dogs, num erous data  point to the Ііѵег as the  m ost active tissue w ith
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respect to phospholipid m etabolism  [13,7, 1 , 8 ,20]. The discrepancy 
betw een our results and  those of o ther au thors m ay be due to  species 
differences and m ay be indicative of som ew hat d ifferen t routes of 
phospholipid form ation. The in testinal wali seems to  be the chief site 
of phospholipid synthesis in  the  frog, while in  th e  ra t or dog the in testine 
is 'less active than  the Ііѵег in  phospholipid form ation.

As allready m entioned, no unanim ity  has been so far achieved as to 
th e  participation of phospholipids in  fat absorption. Since the early  work 
o f  S inclair [16, 17], a  num ber of studies [cf. 15] proyided evidence for 
increased phospholipid synthesis associated w ith fat absorption. By use 
of e ither 32P or 14C, appreciable increase of labelling of the  in testinal 
an d  Ііѵег phospholipids during  fat feeding has been repeatedly  obseryed. 
In  som e cases even an increase of th e  lipid phosphorus value in  the 
in tes tin a l tissue has been found to accom pany fat absorption. Thus, 
a  sta tistically  significant increase in phospholipid content has been 
obseryed  by Artom  [1] in  the  in testine of оііѵе oil-fed rats. In the 
w axm oth, an  insecrt w hich utilizes beeswax, rap id  and strongly  pro- 
nounced phospholipid synthesis has been found to occur during  digestion 
an d  absorption of wax [18]. On th e  o ther hand, several studies suggest 
th a t  phospholipids are  not obligatory participan ts in  fat absorption 
{19, 9]. This discrepancy m ay be, partly  a t least, explained by assum ption 
th a t only a sm ali part of th e  phospholipid fraction participates in  fat 
absorption. This would be in  line w ith  the  schem e of lipid synthesis 
as proposed by K ennedy [12], and  supported  by the resu lts  of Johnston 
& B earden [11] and of Htibscher & Clark [10].

In  the presen t study, no increase in lipid phosphorus values upon 
оііѵе oil feeding could be obseryed in the  in testine of the  frog. However, 
usang histochemical m ethcds, Dominas et al. [4] noted th e  appearance 
of phospholipids in the mucosal epithelium  of th is anim al during fat 
absorption. It seems m ost likely tha t the  am ount of new ly form ed 
phospholipids which a re  clearly yisible histochem ically is too sm ali to 
be dem onstrated by biochemical determ inations on the whole in testinal 
tissue. Nevertheless, adm inistration  of [3 2 P]orthophosphate seems to  offer 
evidence for increased tu rnover of phospholipids during absorption of 
оііѵе oil by the  frog. This m ay denote th e  involvem ent of at least some 
phospholipids in  absorption of fat in  frogs. The failu re  to find any effect 
of protein adm inistration on the  uptake of 32P  m ay indieate that the 
participation of phospholipids is confined to absorption of fat.

It seem s tha t the  increased form ation of phospholipids in  response 
to oil feeding is m ore pronounced in the  frog th an  in  the  ra t  o r dog. 
No explanation for it can  be given as yet. On th e  basis of the present 
experim ents, as well as of the  previous ones on the  w axm oth [18], one 
m ay suppose tha t the  ro le  played by in testinal phospholipids in  fat 
absorption is m ore im portan t in lower anim als than  in  mammals.

http://rcin.org.pl



180 P. WŁODAWER and  H. DOMINAS [8}

Hoiwever, th is assum ption is by far not proved and  neeids fu rth e r 
evidence.

A nother resu lt of the  present investigation which seem s to  be note- 
w orthy is the very  high specific activity  of blood phospholipids observed 
a fte r oil feeding. At the  m axim um  absorption it exceeded several tim es 
the  specific activ ity  of Ііѵег phospholipids. This seem s to ind icate tha t 
the Ііѵег is not the only source of blood phospholipids, th u s  supporting 
the  view shared by several au thors [2, 3, 20,14] th a t during  fat ingestion 
the  sm ali in testine contributes appreciable am ounts of phospholipids 
to th e  plasma.

The au thors wish to express their thanks to Professor Dr. W. N ie- 
m ierko for his continuous in terest and  helpful discussions. The skillfu l 
technical assistance of Miss B. Rudzisz is also gratefu lly  acknowledged-

SUMMARY

1 . The effect of оііѵе oil and protein feeding on the  incorporation 
of [3 2P]orthophosphate into phospholipids of various frog tissues w as 
studied.

2. Оііѵе oil feeding strongly  stim ulates phospholipid synthesis in the  
blood, in testine  and  Ііѵег.

3. P ro tein  feeding does not influence the incorporation of 3̂ P into- 
phospholipids.

4. The conclusion is d raw n that in the  frog the  phospholipids of th e  
sm ali intestine, Ііѵег and  blood a re  involved in  fat absorption. The m ost 
active synthesis of phospholipids is observed in  th e  sm ali intestine,. 
which contributes to the  blood some am ounts of phospholipids new ly  
form ed during  fat absorption.
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INKORPORACJA PROMIENIOTWÓRCZEGO FOSFORANU W FOSFOLIPIDY  
TKANEK ZABY W CZASIE GŁODU I KARM IENIA

S t r e s z c z e n i e
1. Badano w p ływ  karm ienia o liw ą i białkiem  na inkorporację [32P ]ortofosfo- 

ranu w  fosfolip idy różnych tkanek żaby (Rana esculenta).
2. Podanie o liw y znacznie w zm aga biosyntezę fosfolip idów , zw łaszcza w  je li

cie, w ątrobie i w e krwi.
3.. Podanie białka jaja kurzego nie zw iększa inkorporacji 32P w  fosfolip idy  

tkanek.
4. Podczas w chłaniania o liw y aktyw ność w łaściw a fosfolip idów  krw i jest 

kilkakrotnie w yższa od aktyw ności fosfolip idów  w ątroby, co nasuw a przypuszcze
nie, że pew na ilość now opow stałych  fosfolip idów  przedostaje się ze ścianek je lito 
w ych  do krw i. M iejscem  najin tensyw niejszej syntezy fosfo lip idów  u żaby jest 
tkanka jelitow a.

R eceiyed 20 N oyem ber 1962.

http://rcin.org.pl



http://rcin.org.pl



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

Vol. X  1963 No. 2

CELINA JANION* and S. L0VTRUP

PYRIMIDINE NUCLEOSIDE HYDROLASE
IN THERMOBACTERIUM ACIDOPH ILUM  **

D epar tm en t of Histology, U n ivers ity  of Góteborg, S w eden

Nucleosides m ay be split either by phosphorolysis giving rise to  
ribose-l-phosphate, or by hydrolysis w ith liberation of ribose. Phosphoro
lysis seem s to be m ore oommon, a t least in m am m als w here, in  fact, 
hydrolysis has not been observed. In m icroorganism s both hydrolysis 
and  phosphorolysis take  place.

The nucleoside hydrolases active towands pyrim idine nucleosides 
have been found in  yeast by C arter [1 ], in  Lactobacillus pentosus  by  
Lam pen & Wang [4], in  m arinę fishes by T arr [11] and  in Lactobacillus 
delbrueckii  by Takagi & H orecker [10]. In the present paper evidence is 
given for the presence in  Thermobacterium acidophilum  R 26 Orla 
Jensen  of a  pyrim idine nucleoside hydrolase, which in  several respects 
d iffers from  the hydrolases previously described.

EXPERIMENTAL

Preparation of bacterial extracts. Th. acidophilum  was grow n in  
250 ml. portions as described by Lovtrup & Roos [6 ]. A fter 22 hr. of 
incubation the cells w ere centrifuged and washed 3 tim es w ith d istilled  
w ater. The yield was 300 - 400 mg. wet weight of bacteria per portion. 
A fter the  last cen trifugation  th e  tube containing th e  bacterial pellet 
was placed in a  freeze box. The bacteria m ay be stored in th is state, 
and besides, freezing facilitates the  гетоѵ аі of the  bacteria from  th e  
tube.

Dry pow ders w ere  p repared  in two ways. (1) The bacteria  w ere 
dried in  a th in  layer аЬоѵе P 2 O5 overnight in a vacuum  desiccator in 
the  cold room. Then they  w ere ground w ith  a glass rod and ex tracted  
w ith 0.01 м-phosphate buffer, pH 6.0, w ith 0.65% NaCl, or w ith  w ater. 
The extraction m edium  w as found to have no influence on the  enzyme 
activity. (2) M ore active ex tracts  w ere obtained from  acetone-dried

* P resent address: Institu te  of B iochem istry and B iophysics, P olish  A cadem y  
of Sciences, W arszawa.

** The present w ork w as supported by grants from  the Sw edish Cancer Society .
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powders. Cold acetone (-15°) was added to a  suspension of bacteria, 
and a fte r 2 - 3  min. th e  precipitate  was collected on a B uchner funnel, 
washed w ith cold acetone and  dried in air. The powders w ere extracted 
w ith  1 ml. ex traction  m edium  per 1 0 0  mg. powder.

Determination of nucleoside hydrolase activity. The hydrolysis of 
■cytidine, uridine, ribosydthym ine was estim ated by the  concom itant chan- 
ges in  exti.nction. The activ ity  of the  enzym e towands 5-ribosyluracil 
was ascertained chrom atographically. A test tube containing 20 u l. 
0.16 м-nucleoside solution, 60 м-1 . 0 .1 м appropriate  buffer, and  2 0  м-1 , 
bacterial extracts, d ilu ted  w ith  w ater w hen necessary, was incubated 
a t  37°. At zero tim e and  a fte r various tim e in tervals 7 м-l. samples w ere 
w ithdraw n. In  the  case of cytidine each sam ple was added to a tube  
containing 2.5 m l. phosphate buffer, pH 7.2; w hen the cleavage of the  
o ther nucleosides w as estim ated 0.1 N-NaOH was used.

W hen in  1 ml. of solution at pH 7.2, one м-mole cytosine is form ed 
from  cytidine a drop of extinction at 270 m u  occurs; d E 2 7o =  —3.1. Si- 
m ilarly , w hen 1 м-mole uridine is converted to uracil the  extinction at 
290 тм- in  a lkaline solution increases: d E 290=  +5.37. The corresponding 
change in ribosylthym ine is d E 3 0o =  +3.6.

Е х а т р іе  of calculation: umoles uracil form ed =  . ^ ^ 29° x
5.37

zlE 2 9 0  expresses th e  change in extinction at 290 тм- in  a lkaline solution; 
35.7 is the  d ilu tion  coefficient, and 5.37 is th e  change in extinction 
m entioned аЪоѵе, w hen urid ine is hydrolysed. The reaction products w ere 
also checked chrom atographically. For uracil-urid ine and cytosine- 
-cy tid ine separation  butanol sa tu ra ted  w ith  w a te r o r 0.2 n-HCI was 
used. This solvent w as also used for separation of 5-ribosyluracil from  
uracil, w hereas the upper phase of the  m ix tu re  benzene - ethanol - w ater

T a b l e  1

Rf values for some pyrimidine derivatives 
A scending chrom atography on W hatm an no. 1 paper in various solvents.

Compound
Butanol satu

rated with 
water

Butanol satu
rated with 
0.2 n-HCI

Benzene-etha- 
nol-water 
(169:45:15, 
by vol.)

i Uracil 0.36 0.36
Cytosine 0.23 0.09
Thymine — — 0.13
Uridine — 0.24
Cytidine 0.11 0.03
Ribosylthymine — — 0.02
5-Ribosyluracil 0.08 — 1
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(169:45:15, by vol.) w as used for thym ine - ribosylthym ine separation  
(Table 1). W hen labelled uracil was used, the  radioactivity  was estim ated 
w ith  a windowless counter d irectly  on cut-out spots localized by UV.

Substrates. C ytidine and urid ine w ere obtained from  Sigma (U.S.A.); 
[2-1 4C]uracil (specific activ ity  5 цс/цтоіе) from  California Corporation 
for Biochemical Research. R ibosylthym ine and 5-ribosyluracil were 
k ind ly  supplied by Professor David Shugar.

RESULTS

The Chemical n a tu rę  of th e  reaction .  D uring the work upon the 
m etabolism  of pyrim idine derivatives in  Th. a c idoph ilu m  it w as found 
th a t the  bacterial ex tracts  w ould split pyrim idine nucleosides a t a high 
rate . Initial experim ents w ith  urid ine showed that the  ra te  of cleavage 
is th e  sam e in  phosphate, tris, tris-arsenate , and  acetate buffer. This 
fact suggested the  reaction to  be hydrolytic ra th e r than  phosphorolytic. 
However, it was possible th a t th e  extract contained a sm ali am ount of 
phosphate, sufficient for phosphorolysis to proceed. This possibility was 
excluded by the  fact th a t a fte r  prolonged dialysis against distilled  w ater 
(in the  cold) the  ra te  of reaction was unchanged for all substra tes used.

E xperim ents w ith  labelled uracil furn ished  additional evidence. Due 
to the  reversib ility  of nucleoside phosphorolysis, an exchange m ay occur 
betw een free and  bound pyrim idine base [9]. Incubation w ith a labelled 
base m ay thus give rise  to  form ation of a labelled nucleoside. No such 
exchange was observed w hen 0.3 цс uracil was added to the  norm al 
reaction m ixture. This indicates that the nucleosides are  split by 
hydrolysis.

T a b l e  2

The rate of cytidine and uridine hydrolysis by various extracts
of Th. acidophilum

Rate of cleavage Ratio of:
(jimoles/100 mg. dry wt./hr.) cytidine
Cytidine Uridine uridine

360* 31 11.6
338 40 8.4
200 16.6 12
787 66 11.8

* W ith  th is  ex tract th e  rate  o f th y m in e  lib eration  
from  r ib o sy lth y m in e  w as 103.

Enzym e specificity. The enzyme did not act upon deoxyribosyl- 
-nucleosides. Only C-N bonds can be split, as show n by the fact that no 
action was observed w ith  5-ribosyluracil. Cytidine, ribosylthym ine, and 
uridine w ere a ll hydrolysed, the  relative rates of reaction being арргохі-
5
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m ately  11:3:1, respectively. The aetiy ity  of some extracts tow ards cytidine 
and uridine is show n in Table 2 .

The pH optimum. The optim um  of the  enzyme was close to pH 6  for 
both urid ine and cytidine hydrolysis (Fig. 1). There w ere slight differen- 
ces betw een the ra te  of aetiy ity  decrease at both sides of the  optim um  for 
these tw o substrates. The aetiy ity  tow ards cytid ine decreased m ore 
rap id ly  on th e  acid side than  on the alkaline side, while the  aetiyity  
decrease w ith  urid ine was steeper on th e  alkaline side. In spite  of this 
it is probable tha t only one enzyme is involved; the slight differences 
in the pH optim um  curves m ay only reflect differences betw een the 
substrates. The pH optim um  for ribosylthym ine was about 5.9 and the 
relatiye ra tes  a t pH 5.0 and  7.0 w ere 8 8  and  50, respectively.

Correlation between enzyme concentration and reaction rate. For 
determ ination of the  enzyme aetiyity, sam ples w ere taken  a t different 
tim e intervals. In th e  presence of exeess substra te , and  provided tha t 
the reaction products exert no inh ib itory  effects, the reaction ra te  should 
be constant. P lots of the  extinction change against tim e w ould thus be 
stra igh t lines. This expectation was satisfactorily  m et by uridine (Fig. 2 ) 
bu t not by cytid ine (Fig. 3). The m ethod employed does not allow for 
any  substan tia l inereases in cytidine concentration, because it is necessary 
for the  sake of accuracy to work w ith in  a ra th e r  lim ited rangę of extinc- 
tion. However, th e  slope of th e  stra igh t lines indicated in  the figures 
shows a  linear relationship betw een reaction ra te  and  enzyme con
centration for uridine, and  even for cytidine, w hen the reaction ra te  
is not too' high (Fig. 4).

T a b l e  3

Thermostability of enzyme
A fter heating at various tem peratures the w ater extracts of dried bacteria w ere  

im m ediately placed in an ice bath, and buffer and substrates w ere added.

Heating Time of heating Loss of activity (%)
temperaturę (min.) Cytidine Uridine

50° 15 0 0
60° 30 0 0
70° 5 17 20
70° 10 33 30

Enzym e stability. The bacterial ex tracts did not show any loss of 
aetiyity  w hen stored a t -20° for several m onths. Freezing and  thaw ing 
had no influence upon the aetiyity . For w ater extracts it was found tha t 
heat inactiyation begins at 70° and  the  disappearance of the  aetiy ity  
tow ards cytidine and  urid ine ru n s parallel, which again suggests th a t 
only one enzyme is involved (Table 3).http://rcin.org.pl
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Fig. 1. E ffect of pH on the relative reaction  
rate in citrate - phosphate buffer. (+), Uridine;

(O), cytid ine.

Fig. 2 Fig. 3

Fig. 2. Rate of uridine hydrolysis versus reaction tim e. (O), 20 ці.; ( • ) ,  40 ц,1. enzym e
solution.

Fig. 3. Rate of cytidine hydrolysis versus reaction tim e. (O), 1.6 ці.; (# ), 3.3 ці.; 
(+), 6.6 ді.; (д), 10 |xl. enzym e solution.

Fig. 4 Fig. 5

Fig. 4. R elation betw een (o ) , cytidine, and (O), uridine hydrolysis and enzym e
concentration.

Fig. 5. Growth of Th. ac idophilum  on (o ) , uracil or ( • ) ,  uridine (concentration  
0.36 ^m ole/m l.) as sole source of pyrim idine. Bacteria cu ltivated  as described

in ref. [6].
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Uridine as a source of pyrimidine for bacterial growth. The addition 
of a source of pyrim idine (uracil or the  precursor orotic acid) is necessary 
for the  grow th of Th. acidophilum  [7]. As can be seen from  Fig. 5 
u rid ine  m ay also susta in  the growth, but the ra te  and  ex ten t is slightly 
lower. It seems th a t e ither th e  oonversion of urid ine to uracil, or 
penetration  of uridine, or both, are lim iting steps in  the  utilization 
of uridine. Bacterial grow th was not supported by 5-ribosyluracil or by 
thym ine. Contradictory observations w ith  respect to  the  la tte r  substance 
have been reported  [7], bu t we have now  been able to show th a t they 
w ere due to uracil present as an im purity  in the  thym ine preparation.

DISCUSSION

There are  some differences betw een the  nucleoside pyrim idine hydro- 
lase in  Th. acidophilum  and  sim ilar enzymes dem onstrated  in  o ther 
m icroorganism s. The enzyme found in yeast by C arter [1] has a very  
narrow  specificity and  acts only on uridine, w ith  a pH optim um  of 7.0. 
The specificity of the  hydrolase from  L. pentosus  [4] resem bles tha t of 
the  Th. acidophilum  enzyme, bu t the  pH optim um  is d ifferen t (7.5). 
The L. pentosus enzyme is stabilized by phosphate and arsenate  and 
shows greater activity  in th e  presence of these ions. This phenom enon 
was not observed in  ou r preparations.

The Th. acidophilum  enzyme m ost closely resem bles th a t observed 
by Takagi & Horecker [10]. However, there  is a  certain  d ifferenee in pH 
optim um  w ith urid ine as substrate , and  thym ine ri bosi de is m ore read ily  
sp lit by Th. acidophilum  extracts.

As far as the m etabolism  of RNA is concerned, it is difficult to  suggest 
a  function for the  enzym e if uracil is supplied in  the  m edium . W ith 
u rid ine as the  pyrim idine source, m atters a re  d ifferent. Nucleotide fo r
m ation is a necessary condition for the  utilization of the  pyrim idine 
bases. Uracil m ay be converted to uridylic acid in one step  by reaction 
involving 5-phosphoribosyl-l-pyrophosphate. This m echanism  has been 
show n to exist in ex tracts of various lactic acid bacteria [2 ], and  was 
also found in Th. acidophilum  [3]. W hen urid ine is supplied to  the bacteria 
the  possibility exists th a t the  nucleoside is phosphorylated directly . It is 

* very  difficult to ргоѵе this possibility, because in crude ex tracts urid ine 
■will disappear rap id ly  due  to the hydrolase activity. It w ill be realized, 
however, th a t th e  very  presence of th is enzyme m akes nucleoside phos- 
phorylation an unnecessary reąu irem en t for the  u tilization of uridine.

A nother function of the  enzym e m ay be envisaged. Cytosine which 
is present in  both RNA and DNA is not reąu ired  in the  basal m edium , 
and  can be form ed by the bacteria. We m ay presum e th a t in Th. aci
dophilum  as in  o ther organism s CTP is form ed from  UTP by am ination 
[5]. Two m echanism s are  possible for the  form ation of the corresponding
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deoxyribose derivatives. The first one is tha t the  reaction deU TP >
deCTP m ay occur. The second possibility is th a t cytosine is liberated 
from  CTP form ed as m entioned above, in  reactions in  which the hydro- 
lase m ay take  part, and then  m ay be converted in tu rn  to deoxycytidine 
by the  action of nucleoside deoxyribosyltransferase [8 ].

SUMMARY

The presence of a pyrim idine nucleoside hydrolase has been dem on- 
stra ted  in Th. acidophilum. Some properties of the enzyme w ere studied, 
and it was found that in  certa in  respects it differs from  sim ilar enzymes 
dem onstrated  in  o ther m icroorganism s.
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HYDROLAZA NUKLEOZYDÓW PIRYMIDYNOW YCH W T HERM OBACTERIUM
ACIDO PHILU M

S t r e s z c z e n i e
Stw ierdzono obecność hydrolazy nukleozydów  pirym idynow ych w  Th. ac ido

ph ilum  i zbadano niektóre w łaściw ości tego enzym u. Różni się on n iektórym i w ła ś
ciw ościam i od podobnych enzym ów  w ystępujących  w  innych m ikroorganizm ach.

R eceived 23 N ovem ber 1962
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Two pathw ays a re  knoiwn by which uracil is converted to UMP.
This m ay occur e ither in two steps: u r a c i l  >• u r id in e  > UMP, the
firs t step  being catalysed by urid ine phosphorylase and the seeond one 
by urid ine kinase; or UMP m ay arise by a one step reaction catalysed 
by UMP pyrophosp hory łase w ith 5 -phosphoribosyl-l-pyrophosphate 
(PRPP) as a donor of the  phosphoribosyl moi ety [18, 5]. Since extracts 
of Thermobacterium acidophilum  R 26 Orla Jensen possess a strong 
pyrim idine nucleoside hydrolase activ ity  w hereas pyrim idine nucleoside 
phosphorylase aetiyity  is absent [1 0 ], it appears tha t uracil supplied to  
the  m edium  for norm al bacterial grow th m ust be converted to  UMP 
by the seeond reaction. The m ononucleotides for yarious m etabolic pur- 
poses m ust be fu rth e r converted to di- or triphosphonucleotides by 
yarious kinase system s which show high specificity as regards the  base 
of the  nucleotide, the  phosphate donor, and the  m anner of action.

In th is work sorne featu res of the  uracil m etabolism  in Th. acido
philum  w ere  investigated, viz. the  pathw ay of eonyersion of uracil to 
UMP, UDP and  UTP, and  some of the  properties of the  enzymes in- 
volved. A ttem pts w ere also m ade to dem onstrate polynucleotide phos
phorylase actiyity  in  the  bacterial extracts.

EXPERIMENTAL

Materials. [2-14C]Uracil and [3 2P]orthophosphate iwere purchased from 
The Radiochemical C entre, Am ersham , Buckingham shire, England. 
PR PP, ADP, UDP, UTP, phospho(enol)pyruvate and pyruvate  kinase 
type II w ere obtained from  Sigma Chemical Company, U.S.A. Bacterial 
acetone d ry  powders and  w ater ex tracts w ere prepared as described 
preyiously [1 0 ].

Estimation of UMP pyrophosphorylase. The composition of the re 
action m ix ture  was sim ilar to that used by Crawford, K ornberg & Simms

* P resen t address: Institu te of B iochem istry and B iophysics, P olish  Academ y  
of Sciences, W arszawa.

** The present w ork w as supported by grants from the Sw edish Cancer 
Society.
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[5]. Test tubes containing 5 ul. 0.02 M-[2-14C]uracil (specific activity  
4 mc./m-mole), 25 fil. 0.006 м-P R P P  (Mg salt), 30 ul. 0.01 м -phosphate buf- 
fer pH 7.5, and 10 ul. bacterial extract, equivalent to 0.8 - 1.5 mg. bacterial 
dry powder, w ere incubated a t 37°. At zero time, and  a fte r  various 
periods of incubation, 1 0  ul. of the  reaction m ix tu re  w as w ithdraw n and 
placed on W hatm an no. 1 paper. To stop the  reaction th e  m icropipette 
w ith the w ithdraw n sam ple w as placed in a tube im m ersed in ice. The 
reaction occurring during d ry ing  on the chrom atographic paper was 
negligible as judged from  the  sam ples taken a t zero time. The chrom ato- 
gram s w ere developed in  butanol sa tu ra ted  w ith  0.2 n-HCI, the  spots 
localized w ith  UV w ere cut out and  the radioactivity  estim ated directly 
on the paper. In the  experim ents w here g rea ter am ounts of PR PP w ere 
to be used, P R P P  was dissolved in the  phosphate bu ffe r in  order to avo,id 
changing the finał volum e of the  reaction m ix ture . The use of phos
phate buffer has the  advantage of overcom ing the  P R P P  decomposition 
catalysed by Mg2+ [12]. UMP pyrophosphorylase is activated  by the Mg2+ 
ion, which is supplied together w ith PR PP. Sim ultaneously w ith the  
increase of PR PP, the  m agnesium  ion concentration was also increased 
in the reaction m ixture. This is of no conseąuence because it was found 
that supplem entary  addition of m agnesium  ions up to th e  concentration 
of 7 X 10~3 m, which is the one reached w ith the highest concentration of 
PR PP used, does not change th e  reaction rate . The degree of convers,ion 
of uracil to UMP was calculated as percentage of radioactiv ity  p resent 
in the UMP spot.

Assay of UMP and UDP kinases. F u rthe r phosphorylation of UM P 
was achieved in the following way. Labelled UMP w as prepared in the  
m anner described above, w ith  the  exception th a t the  ra tio  uracil :PR PP 
was 1:2.5, and incubation 1 hr. D uring th is tim e uracil was quantita tively  
converted to UMP. To 40 ul. of the m ix tu re  containing 0.057 umoles 
UMP, 5 ul. ATP solution containing am ounts ranging from  0.05 to 2 mg. 
was added. In some experim ents 5 ul. 0.1 M -phosphopyruvate and 1 ul. 
10-fold diluted pyruvate kinase w ere added. The tubes w ere incubated 
at 37° and a fte r various periods of tim e 10 ul. sam ples w ere  w ithdraw n 
and placed on W hatm an no. 1 paper. A fter developm ent by the des- 
cending m ethod in the solvent system : isobutyrie acid - 1 м-am m onium  
hydroxide - 0.1 м-sodium versenate (100:60:1.6, by vol.) [13] the spots 
were cut out and  the  radioactivity  estim ated. The degree of conversion 
was calculated as percentage of radioactiv ity  present in  the UDP and  
UTP spots.

Assay of poły nuci eotide phosphorylase. The presence of polynucleo- 
tide phosphorylase activity  w as checked in two w ays: from  the ab ility  
to form polynucleotide and from  the exchange reaction w ith 32P [7]. For 
polynucleotide form ation the  composition of th e  reaction m ix tu re  was as 
follows: 1 - 2  mg. UDP or ADP, 3 ul. 0.1 M-MgCl2, 10 ul. 0.2 м-tris buffer,
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pH 8.2, and  bacterial ex tract equivalent to 2 - 4 mig. d ry  w eight of bac
teria, in  a finał volum e of 30 id. The m ix ture  was incubated a t 32°. A t 
zero tim e and  after d ifferen t tim es up to  18 hr. a sm ali sam ple was 
taken  and checked for polynucleotide form ation on W hatm an no. 1 paper 
w ith 1 м-am m onium  acetate  - ethanol (3:2, v/v) as a solvent. For th e  
exchange reaction 10 м-1. 0.015 м-ADP, 5 мі. 0.1 м-phosphate buffer, 
pH 7.5, containing [33P]orthophosphate w ith an  activ ity  of about 60,000 
counts/m in., 5цЛ. 0.1 M-MgCl2, 40 mJ. 0.2M-tris buffer, pH 8.2, and bacterial 
ex tract (5 -1 0  mg. d ry  w t. of bacteria) w ith or w ithout 1 мі. of 0 . 1  м-ѵег- 
sene in a finał volume of 100 ul., was incubated a t 32° o r 39°. A fter 
various incubation periods up to 2  hr., samples w ere taken  and  labelled 
phosphate was separated  from  ATP and  ADP on W hatm an no. 1 paper 
with 1 %  am m onium  su lphate  - isopropanol (1 :2 , v/v). The paper was 
soaked in advance w ith 1 %  am m onium  sulphate; the ascending techn iąue 
was employed. The appearance of ATP on the chrom atogram s indicated 
the presence of adenylate kinase activity.

RESULTS

Conversion of uracil to UMP. Bacterial extracts possess UMP pyro- 
phosphorylase activ ity  as UMP form ation was observed from  uracil and 
PR PP  in the presence of m agnesium  ion. PR PP  could not be replaced 
by ribose-5-phosphate and  ATP. The ra te  of reaction decreased w ith 
time. However, w ith excess P R PP  and  sufficient am ounts of extract 
it was possible to obtain  alm ost 100% conversion of uracil to UMP. The 
decline in the  reaction ra te  could be the  resu lt of deeomposition of P R P P  
or of enzyme during incubation, of decline in the  substra te  concentration, 
or of an  inhibitory  effect of the  UMP form ed. These possibilities w ere  
tested as folllows: P R P P  was preincubated under the  norm  a 1 standard  
conditions w ithout uracil for 10, 20 and 40 min., and  a fte r th is tim e uracil 
was added to initiate  the  reaction. The ra te  was com pared w ith expe- 
rim ents w ithout P R P P  preincubation. As can be seen from  Table 1, th e re  
was no essential difference betw een the  resu lts in  the tw a series of ехрегі- 
m ents. We сап thus conclude that deeomposition of P R P P  or enzym e 
was not responsible for the  decline in  the reaction rate .

W ith the  m ethod used, it was difficult to show the influence of 
changes in uracil concentration, w hereas w e w ere  more free to change 
the PR PP concentration. The reaction reąu ired  an  excess of PR PP, 
and the  ra te  inereased w ith inereasing PR PP  concentration (Table 2). 
In the  Table are  also given the  results of some experim ents, in which 
after 40 min. of incubation fu rth e r ąuantities of P R P P  w ere added. 
The reaction ra te  was inereased in all cases, w hile in the  Controls the 
addition of the same ąu an tity  of buffer did not induce any  change. 
It is obvious that a t the concentration used the enzyme w as not sa tu ra ted
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T a b l e  1
Influence of preincubation of bacterial extract with  
5-phosphoribosyl-l-pyrophosphate on UMP formation

Two d ifferent extracts w ere used in these experim ents.

Preincubation
(min.)

Uraeil converted to UMP (%)
Incubation (min.)

10 20 30 40 50

Expt. I 0 15.0 27.1 34.2 40.4
10 18.0 30.1 36.7 40.7
20 18.5 26.8 33.7 39.0

Expt. II 0 12.2 15.3 19.4 21.5 25.5
0 8.0 14.1 20.1 21.3 25.4

40 8.7 13.3 19.1 21.2 25.1
40 7.8 14.6 17.7 21.8 23.5

w ith  respect to P R PP , but the  PR PP addition could also act by changing 
the  eąuilibrium  of the  reaction.

We tested the  influence of several nucleotides on th e  reaction. Only 
UM P had  some inhibitory  effect, and this was exerted  also in  the  
concentration rangę corresponding to th a t arising during  th e  reaction 
(Fig. 1 ). The inh ib itory  effect was ąu ite  strong, as the  h ighest UMP 
concentration was only twice the  ąuan tity  of uraeil p resent a t the  
beginning of the experim ent. Cytidylic acid and  adenylic acid 
(2.8 X 10~3 m), corresponding to the  highest UMP concentration in Fig. 1 
had no influence upon th e  reaction rate. In the  experim ents w here UMP

T a b l e  2

fn fluence of 5-phosphoribosyl-l-pyrophosphate concentration on UMP
formation

PRPP added 
(p.moles)

Uraeil converted to UMP (%)
Incubation (min.)

10 20 30 40 50 50*

0.17 18.4 30.4 42.5 49.2 _ _
0.25 25.1 45.0 56.9 68.8 78.0 90.0
0.34 27.1 46.8 61.1 76.5 83.3 95.0
0.25 19.8 30.4 43.8 54.1 58.1 68.3
0.34 19.9 33.4 49.4 61.5 70.1 75.0
0.28 17.5 32.3 46.8 50.9 59.0 66.0
0.34 18.7 33.4 46.9 57.7 68.0 74.0
0.34** 17.3 31.7 44.2 50.2 61.0 67.0
0.67** 17.2 36.3 49.5 60.8 69.7 74.7

* A fter 40 m in u te s  10 ці. 5.6 m  м-PR PP so lu tio n  w as add ed  to  10 ц і. o f  th e  
reaction  m ixtu re.

** B ecau se o f th e  poor so lu b ility  o f  PRPP th e  fln a l v o lu m e was 90 ц 1. In 
th e se  exp erim en ts.
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was added, the  same am ounts of UMP w ere added to the  control spots 
on th e  chrom atographic paper.

C ontrary  to th e  observation reported  by Craw ford et al. [5], th e  
addition  of glu tath ione had no influence on the  reaction. This d iscre
pancy is probably due  to the  fact tha t these authors used partially  
purified  enzyme. The reaction occurred also in  tris buffer bu t at a some- 
w hat lower rate . The addition of inorganic pyrophosphate in ąuan tities 
equivalent to  the  concentration of uracil did not change the  ra te  of the  
reaction. NaF in a finał concentration of 0.1м lowered the  reaction ra te  
by about 35%.

Formation of UDP and UTP. W hen ATP was added to  the  reaction 
m ix tu re  th e  transfer of a phosphate group from  ATP to [14C]UMP 
occurred and labelled UDP was formed. Sometimes a slight actiy ity  
was obseryed on the chrom atogram s in the  region of UTP. W hen tested

Fig. 1. In fluence of added UM P on the reaction rate of UMP form ation from uracil.
(O), Control w ithout added UM P; ( • ) ,  w ith  0.05 ц.то1е; (Д ), 0.1 ц т о іе ;

(А), 0.2 ц т о іе  UMP.
Fig. 2. Influence of U DP and UTP on UDP form ation from  UMP. (O), Control; 

(# ), w ith  0.02 д т о іе  UDP; ( Д ), 0.02 ц т о іе  UTP; (A), 0.04 ц т о і е  UTP added.

with UDP the extracts did not show any uridy la te  kinase actiy ity  
according to  eąuation: 2 UDP -> UTP +  UMP. Likewise, the reverse 
reaction d id  not occur as no UDP form ation could be obseryed when 
ex tracts w ere  incubated w ith UMP and UTP. UDP was not changed 
during incubation, but UTP was dephosphorylated by the  bacterial 
extracts. The possibility therefore  exists that UDP form ation oecurs 
via UTP. The resu lts  of Bianchi, Butler, C rathorn  & Shooter [2] suggest 
that the  phosphorylation of TMP to TTP in superna tan ts  of leucaemic 
spleen and  lym ph nodes from  mice occurs by a one step reaction 
w ithout TDP being form ed as an interm ediate, the  appearance of TDP 
thus being th e  resu lt of dephosphorylation. To test w hether phosphory
lation of UM P occurs in  a sim ilar m anner, UTP was added to the
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reaction tube in o rder to reduce the degradation of any radioactive UTP 
formed. A lthough a fte r  incubation UTP spots w ere alw ays seen on the  
chrom atogram s, we пеѵег observed any  radioactivity  in these spots. 
Both UDP and  UTP w ere found to exert a considerable inh ib itory  
action on UDP form ation (Fig. 2).

The dependence of the  reaction ra te  upon the am ount of ATP present 
in the  m ix tu re  is shown in Fig. 3. Because of the  presence of adeny late  
kinase in the  extracts, the  values do not indicate the  actual am ount of 
ATP in the reaction tubes. However, it is seen from the Figurę that the  
ra te  of the reaction did not increase when the  addition of ATP w as 
increased above 0.2 mg. (0.3 umoles). W hen the  incubation tim e was

Fig. 3. In fluence of ATP on the conyersion of UMP to UDP. (# ), 1 mg.; (Д ), 0.2 mg.;
(A), 0.1 mg.; ( +  ), 0.05 mg. ATP added per reaction tube.

Fig. 4. R elation b etw een  conyersion of UM P to UDP and UTP and quantity o f
pyruyate kinase added. (A), U ndiluted pyruvate kinase; (И), dilution 1 :10;
(• ) ,  d ilution 1 :100. Broken line represents U D P form ation, fu li line UTP form ation.

prolonged, or supplem entary  am ounts of ex tract added to the  reaction 
m ixture, the  reaction m ight proceed as far as 70 - 80% conyersion of 
UMP to UDP.

W hen phosphopyruvate and pyruvate  kinase w ere added to  th e  
reaction m ix tu re  th e  conyersion ADP -> ATP occurred, but at the sam e 
tim e the  reaction UDP —> UTP took place (Fig. 4). The addition of phos- 
phopyruvate alone could not entail a shift from UDP to  UTP form ation. 
TKus, no py ruvate  k inase activ ity  was observed in the bacterial 
extracrs, even a fte r  replacing th e  sodium  in the buffer w ith  potassium, 
which is an activator of the  enzym e [11]. A slight radioactivity  w hich 
was som etim es observed in the  UTP region w ithout addition of phospho- 
pyruvate  and pyruyate  kinase was probably due to  the  presence in the  
bacterial ex tracts of UDP kinase. This enzyme m ust be very  lab ile  
because the ex tract lost th is  actiy ity  a fte r storage at -15°. We пеѵег

120
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w ere able to observe radioactivity  in the  region corresponding to di- or 
oligonucleotides, even w hen the  reaction w as carried out in tris  buffer.

Polynucleotide phosphorylase. A  considerable effort w as m ade to 
dem onstrate the presence of this enzyme. It was even attem pted  to frac- 
tionate  the bacterial extracts w ith am m onium  sulphate, bu t we were 
unable  to observe any indication of the  presence of polynucleotide 
phosphorylase.

DISCUSSION

The m ain rou te  for urid ine-5 '-phosphate form ation from  uracil 
in  Th. acidophilum  seems to be as follows:

Uracil +  PR PP  UMP +  pyrophosphate

This reaction has been found before in some lactic acid bacteria by Craw- 
ford  et al. [5], and  in  Lactobacillus bulgaricus by Canellakis [4]. The 
reaction is catalysed by UMP pyrophosphorylase (UMP ipyrophosphate 
phosphoribosyltransferase, ЕС 2.4.2.9), an  enzyme analogous to orotidine- 
-5 '-phosphate pyrophosphorylase [14]. Both of these enzym es m ay be 
found in  certain  s tra ins of lactic acid 'bacteria, in  Which case uracil as 
w ell as orotic acid m ay susta in  growth. This seems to hołd also for the 
investigated  bacterial s tra in  [16]. UDP m ay be form ed from  UMP by 
a  tran sfe r of a phosphate residue from  a high energy phosphate 
com pound like UTP or ATP, according to the  eąuations:

UM'P +  UTP ^  2 UDP (1)
UMP +  ATP ;=± UDP +  ADP (2)

T he first reaction is sim ilar in  its actdon to adenylate  kinase (myokinase); 
it was found in  brew ers yeast by Lieberm an, K ornberg & Simms [15]. 
T he second one has been dem onstrated  in yeast, ra t  Ііѵег, calf Ііѵег, and 
in  Ascaris (17, 9, 8 , 6 ). In  the  bacterial ex tracts  exam ined by us only  the  
second reaction took place. In  fresh ly  p repared  ex tracts w e w ere  some- 
tim es ab le  to  observe form ation of UTP; this probably arose from  
phosphorylation of UDP by ATP, catalysed by the enzyme nucleoside- 
diphosphate kinase [1, 3]. However, th is enzyme seem s to be very  labile. 
Both UMP pyrophosphorylase (Fig. 1) and  nucleosidem onophosphate 
k inase (Fig. 2) w ere inh ib ited  by the compounds form ed by th e ir action. 
W ith respect to the  form er enzyme th is inh ib itory  effect m ay possibly 
be explained as a change in the  position of the  eąuilibrium , bu t m ore 
likely the  effect arises by com petitive inhibition. The eąual inhibitory  
effect exhibited by UDP and  UTP in th e  reaction catalysed  by the 
second enzyme indicates tha t th is effect resu lts  from  a competition. 
The failure  to dem onstrate th e  presence of polynucleotide phosphorylase 
activity  in  the extracts, in  sp ite  of the  wide distribu tion  of this enzyme 
in m icroorganism s, seem s to  indicate a different m etabolic pathw ay for 
RNA synthesis in the  investigated  strain .

17]
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It m ay finally  be m entioned tha t the ex tracts afford  an  exce‘llent 
m eans for obtaining labelled uracil compounds a t yarious levels of phos- 
phorylation.

SUMMARY

Extracts from  Th. acidophilum  exhibit activity  of UMP pyrophos- 
phorylase, the  enzym e catalysing the  form ation of UMP from  uracil 
and 5-phosphoribosyl-l-pyrophosphate. They also  possess th e  ab ility  to 
form  UDP iwhen ATP is added to the  incubation m ixture. A ddition of 
pyruvate  kinase and phosphopyruvate leads to  UTP form ation. Thus, 
deperuding on the  conditions used, it is possible, sta rting  from  labelled 
uracil to obtain  labelled  UMP, UDP or UTP. Some of the  properties 
of these reactions w ere studied.
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TWORZENIE NUKLEOTYDÓW URACYLOWYCH W T H ERM OBACTERIU M
ACIDOPHILUM

S t r e s z c z e n i e  
Ekstrakty z Th. acidophilum  w ykazują aktyw ność UM P pyrofosforylazy, enzym u  

katalizującego tw orzenie UMP z uracylu i 5 -fosforybozylo-l-pyrofosforanu . Eks
trakty te posiadają także zdolność tw orzenia UDP, gdy do m ieszaniny inkubacyjnej 
dodane jest ATP. D alsze dodanie fosfoenolpirogronianu i k inazy pirogronianu pro
w adzi do pow stania UTP. Tak w ięc  używ ając znakow anego uracylu można, zależnie  
od w arunków  inkubacji, otrzym ać znakow any UMP, U D P lub UTP. Zbadano n ie 
które w łaściw ości tych reakcji.

R eceiyed 23 N oyem ber 1962
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ADAPTATION OF YEAST TO 3-AMINO-l,2,4-TRIAZOLE *

D e p a r tm en t  of B iochem istry ,  Research ln s t i tu te  of M other and Child, W a rsza w a

The celi populations exposed to the  action of grow th inhibitors a re  
o ften  able to become resistan t to  these agents. In such cases two m ajor 
m echanism s m ay operate: selection of preexisting m u tan ts  or induction 
of resistance resu lting  from  enzymie ad justm ent in  response to the  
action of inhibitor. It is now well established th a t the  rates of enzyme 
induction and repression are  controlled by specific genes [8 ]. Therefore, 
celi adaptation to  inhibitors constitutes another approach in  the study 
of the  relations betw een genome and enzyme form ation.

3-A m ino-l,2,4-triazole (3-AT) has been shown by W eyter & Broq- 
u ist [14] and  Hilton [7] to  inhibit the  grow th of some yeasts and  bacteria. 
In  yeasts its effects can be abolished com pletely only by histidine 
[7, 14, 9]. In  the  presence of 3-AT th e  yeast accum ulates im idazole- 
glycerolphosphate [9 ] which is an  in term ediate  in histidine b io - 
synthesis [2]. Ali this evidence indicates tha t 3-AT affects the  yeast by 
inhibiting  the biosynthesis of histidine.

In the  present report the  induction of resistance to 3-AT in Saccharo- 
myces cerevisiae has been described. The induced resistance was not 
absolute; it  was, however, m aintained during 25 generations w hich 
suggests tha t it m ay be controlled by a reproducible factor.

METHODS

Organisms. Both yeast stra ins used in the  present w ork, Yeast Foam  
(YF) and LM 2, w ere  kirndly supplied by Dr. M. Luzzati from  Laboratoire 
de G enetiąue Physiologiąue in  G if-sur-Y vette, France. The stra in  YF is. 
a w ild S. cerevisiae diploid. The s tra in  LM 2, also diploid, is a proto- 
trophic revertan t arisen  by gene conversion from  th e  s tra in  LM 27 
which is a  heteroallelic adm\adne m utant, reąu iring  in  conseąuence 
both histidine and  a pu rine  for grow th [13, 3]. LM 2 apart from  ad3/3, 
is also recessive for the  genes ad2, ad6, u rb 1гц, те^ and  tr*.

The n a tu rę  of the  gene ad 3 is not known. Cell-free extracts of ad$ 
m utan ts a re  able to  synthesize earlier histidine precursors [10]. The

* This w ork w as supported by a grant from the C om m ittee of B iochem istry  
and B iophysics of the Polish  A cadem y of Sciences.
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m utan ts  ad3, un like all the  studied hi+ strains, are  incapable of accum u- 
lating im idazoleglycerolphosphate in the presence of 3-AT [9]. The 
second enzymie błock resirlting from  the gene ad3 m utation is located 
in AMP biosyntesis before 5-aminodmidazole ribotide [13].

The o ther m utated  genes present in  LM 2 control the respective 
enzymes of adenine, uracil, histidine, m ethionine and tryp tophan  bio- 
synthetic  pathw ays. W hen uncom plem ented, they cause inactiv ity  of the 
corresponding enzymes and  respective nu tritional reąuirem ents. The 
cells of ad2 m utan t are stained red  by a product form ed from accum u- 
lated  5-aminoimidazole ribo tide [13]. Hence, the  gene ad2 seems to 
control the  5-am inoim idazole ribotide carboxylase. The cell-free extracts 
o f Ъц m utants do not exhibit any  activity  of phosphoribosyl-ATP pyro- 
phosphoryłase (Kłopotowski, unpublished experim ents) which is the  first 
enzym e of histidine biosynthesis [2 ].

Media. The m inim um  m edium  of Galzy & Słonimski [5] was used; 
it contained per liter: 6  g. of NH 4 H2 P 0 4, 0.5 g. of M gS0 4 -7H 20 , 2  g. of 
(NH4 )2 S 0 4, 1 g. of KH 2 P 0 4, 0.1 g. of NaCl, 0.1 g. of CaCl2 (anhydrous 
salt), 0.5 mg. of H 3 B 0 3, 0.04 mg. of C uS 0 4 -5H 20 , 0 . 1  mg. of KI, 0.4 mg. 
of M nS0 4 • 4H2 0 , 0 . 2  mg. of Na2 M o0 4 • 2H2 0 , 0.4 mg. of Z nS 0 4 -6H 2 0 . 
0.2 mg. of FeCl3 *6H2 0 , 22 mg. of inositol, 2  mg. of calcium pantothenate, 
2 mg. of th iam ine hydrochloride, 2 mg. of pyridoxine, 0.5 mg. of nicotinic 
acid, 0 . 0 2  mg. of biotine and  2 0  g. of glucose.

The corresponding solid m edium  was prepared by adding 25 g. of 
ag ar per liter.

The solid peptone m edium  contained per liter: 10 g. of peptone, 10 g. 
o f yeast ex tract (E. G u rr Ltd., London), 20 mg. of adenine free  base, 
20 g. of glucose and  25 g. of agar.

Cultures. The stra in s w ere m aintained by trim onth ly  subcultures on 
solid  peptone m edium . For inocula, the  yeast was allowed to gro w aero- 
bically in m inim um  m edium  at 27°. A fter 20 hr. the  actively growing 
cells w ere harvested, washed tw ice w ith  isotonic salinę and sterilly  
centrifuged a t room tem peraturę.

Growth tests. To sterilized Еѵеіуп tubes was added 9 ml. of s terile  
m inim um  m edium  alone, or w ith the  addition of 3-AT or histidine. 
At zero tim e 1 ml. sam ples of yeast suspensions (freshly dilu ted  w ith  
the m edium  to 2 0  ug. d ry  wt. of cells per ml.) w ere added to  each tube. 
The tubes stoppered w ith sterile  cottons w ere aerated  at 27° by horizon- 
ta l shaking a t a ra te  of 200 cycles per m inutę. Ali growth tests  w ere 
m ade in duplicate.

W hen the  cu ltu res  reached about 70 ug. d ry  wt. of cells per m l. 
readings have been started , usually  a t in tervals of 2 hr. The tu rb id ity  
w as read in  Еѵеіуп photom eter a t 660 mu or, when indicated, in Beckm an 
DU spectrophotom eter a t 420 mu. D ry weight of cells w as found from  
ca li b rat ion curves.

[21
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Chemical methods. 3-AT was estim ated by the m ethod of Green 
& Feinstein [6 ]; the  extinction was m easured in Еѵеіуп photom eter at 
515 mir. The calibration сигѵе w as prepared from standard  3-AT Solu
tions in medium.

Chemicals. АИ Chemicals used w ere commercial products: 3-am ino- 
-1,2,4-triazole (Serlabo, Paris), biotine (Hoffmann, Sw itzerland), o ther 
v itam ins (N utritional Biochemicals Corp., Cleveland) and histidine 
hydrochloride m onohydrate (Chemapol, Praha).

RESULTS

Yeast growth inhibition by 3-AT

The comparison of 3-AT effect on grow th of the  two yeast s tra ins 
revealed a d ifference betw een their responses. As show n in Fig. 1A, in 
th e  wild s tra in  YF there  appeared a m arked lag phase. Its duration  
depended on 3-AT concentration: at 0.1 т м  it lasted for about 10’hr.

Time (hr.)

Fig. 1. G row th inhibition by 3-A T of the tw o S. cerevisiae  strains, Y east Foam (A) 
and LM 2 (B). The num bers represent т м  concentrations of 3-AT.

and  increased to about 16 hr. at 3-AT concentrations exceeding 1 т м .  
In cultures containing lower 3-AT concentrations the  grow th following 
the lag phase proceeded exponentially  at ra tes  v irtua lly  eąual to the  ra te  
of Controls. At higher concentrations, the grow th ra tes  w ere sensibly 
reduced.

The o th er S. cerevisiae strain , LM 2, grew w ithout any lag phase 
in the presence of 3-AT. Its only response was the reduction in grow th 
rate, whose extent depended on the inhibitor concentration (Fig. IB).

To stu d y  the  сотр іех  kinetics of the  inhibition in YF, a special series 
of cultures was prepared. For the more precise observation of the early
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stages of 3-AT action, inocula tenfold greater than  form erly  w ere used, 
and celi m ass increm ent was followed in Beckman spectrophotom eter 
a t 420 mu. The grow th of the 3-AT containing cultures appeared  to be 
triphasic (Fig. 2). For ех атр іе , at 0.1 т м  3-AT concentration the  grow th 
proceeded initially, m ore or less for the tim e of one division, a t the  
sam e ra te  as in Controls. Then it becam e slow er reflecting probably the 
increase in inhibitor content in the  cells, and  proceeded for about 4  h r.

Fig. 2. The effect of 3-A T on early grow th  
of Y east Foam. (O), W ithout 3-A T  (con
trol); (□), w ith  0 .0 5 т м -3 -А Т ; (Д ), w ith  

0.1 т м -3 -А Т .

a t a  ra te  of 0.125 division per hour. F inally the  grow th accelerated 
tending to reach the control ra te  (0.650 division per hour). Thus du ring  
the  phase of inhibition th e  growth ra te  of YF was dim inished by 80%. 
From  the  data  of experim ent shown in Fig. IB it m ay be calculated th a t 
the  sam e concentration of 3-AT slowed the growth of LM 2 only by 9%. 
It appears thereof th a t the  wild YF s tra in  is m any times m ore sensitive 
to  3-AT than  LM 2.

Adaptation of YF  cells to 3-AT

The spontaneous disappearance of the 3-AT-induced grow th inh ib i
tion m ight resu lt e ither from  deeomposition of inhibitor or from  decrease 
of celi sensitivity . The determ inations of 3-AT content in cu ltu re  m edia 
did  not dem onstrate any  reduction of its concentration during the  
grow th of YF cells both when it was partially  inhibited  and w hen it 
proceeded freely owing to presence of histidine (Table 1).

To test the  a lte rna tiye  possibility, the cells groiwn in experim ent 
show n in  Fig. 1A at six 3-AT concentrations ranging from 0.1 to 3.2 т м  
w ere s te rilly  harvested, washed with isotonic salinę and used for inooula- 
tion of m inim um  media. A fter eight generations they w ere  harvested  
and  washed. Then the cells from each of the six subcultures w ere  used 
to inoculate separate  series of media; in  each the concentrations of 3-AT 
ranged  from  0 to 3.2 т м . This experim ent, shown in Fig. 3, revealed th a t
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T a b l e  1

Stability  of 3-AT concentration during yeast growth
The m inim um  m edia w ere  inoculated at zero tim e w ith  YF cells to the density  
of 10 (ig. dry w t. per ml. A fter the indicated period of grow th, the cells w ere  
centrifuged and 3-A T determ ined in supernatants by the m ethod o f Green

& F einstein  [6].

Minimum medium 
with 1 тм-3-АТ  

Addition

Culture
duration

(hr.)

Growth
(98- dry 
wt./ml.)

3-AT found 

(тм )

None 0 0 1.0
27 470 1.0
27 420 1.02

L-Histidine (0.25 тм ) 0 0 1.0
17 2250 1.1
17 2050 1.06

yeast cells g raw n previously  in  th e  presence of 3-AT w ere rea lly  
resistant to th e  inhibitor. They w ere able to  grow in  its  presence 
v irtua lly  w ithout any lag phase. Some short lags (1 - 4 hr.) occurred only 
w hen media w ith  highest 3-AT coneentrations applied, w ere inoculated  
w ith  cells derived from  cu ltu res w ith lowest inhibitor coneentrations. 
However, the  resis tan t population show ed repeated ly  a residual 
sensitiv ity  to 3-AT, the  grow th ra te  decrease being the  less the  higher 
was th e  inh ib itor concentration form erly used for resistance induction: 
when tested  in  m edium  containing 3.2 тм -3 -А Т  the grow th ra te  of 
0.1 т м -3 -A T-resistant population was inh ib ited  by 30% and th a t of 
3.2 т м -3 -A T -resistant one, by 15%. It should be rem em bered th a t 
0.1 тм -3 -А Т  inhibited the grow th of the  sensitive YF s tra in  by 80%.

It 'has been previously show n [7, 14,9] th a t histid ine is ab le  to 
abolish com pletely the  effects of 3-AT in  yeast. Therefore th e  inform a- 
tion concerning the effect of histidine on the  developm ent of resistance 
to 3-AT was thought to  be of im portance foT elucidation of the  
m echanism  of th is process. Ali attem pts, however, to obtain a resistan t 
population by allow ing the  YF cells to grow in  the presence of both 
3-AT and  histidine a t coneentrations enabling norm al growth, w ere  
w ithout success. It can be eoneluded, therefore, tha t to  induce the  
resistance not just the  presence but the inhibitory  action of 3-AT is 
reąuired .

In o ther experim ents, solid m inim um  m edium  w as inoculated w ith  
resistant population; subseąuen tly  single colonies w ere tran sfe rred  to 
liąuid m edium  and resistance of the  obtained subcu ltu res w as studied. 
It appeared th a t in  all tw elve cases the  degree of the resistance was the  
sam e as in the  parent populations.

[5]
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Fig. 3. R esistance of YF cells acąuired at different 3-AT concentrations. The 
num bers facing the curves represent the ггм concn. of 3-AT. The num bers in right 
low er corners give the шм 3-AT concn. in m edia in w hich  the resistance had been

acąuired.

On the o ther hand, LM 2 which w as found to be inh ib ited  by 
0.1 тм -3 -А Т  in only about 10%, after subcu ltu re  in media containing 
3-AT displayed no increase in resistance.

Stability of Y F  resistance to 3-AT

The resistan t population prepared by single cu ltu re  in m inim um  
m edium  with 1 тм -3-А Т , was used. Subseąuently, the washed resistan t 
cells w ere  allowed to grow in  m inim um  m edium  and in ano ther one 
containing 1 тм -3 -А Т  (see Table 2, serial transfer 1). A fter the  grow th 
had reached ca 500 ug. d ry  wt. cells per ml., both yeast suspensions 
w ere  harvested, washed, diluted and used for inoculating pairs of iden- 
tical media (serial tran sfer 2 ). The sam e procedurę was repeated  in

T. KŁOPOTOWSKI
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serial transfers  3 and 4. Each tim e out of four suspensions only tw o 
w ere  used for fu rth e r transfers. In th is way, the  cu ltures shown in 
colum n A of Table 2 w ere inoculated, sta rting  from  the  serial transfer 2, 
w ith cells grown previously in m inim um  m edium  devoid of 3-AT and 
those in  colum n В w ere inoculated w ith the  cells derived from 3-AT- 
-containing media.

T a b l e  2

Stability of acąuired resistance to 3-AT  
The YF yeast celi population m ade resistant in 1 гпм-3-АТ w as a llow ed  to grow  
for several transfers in m inim um  m edium  (A) and the m edium  containing  
1 т м -3 -А Т  (B). Other details are given  in the tex t. Growth rates are expressed  

as ce li divisions per hour. A ll cultures grew  w ithout any lag phase.

A в
Growth rate Growth rate

Serial
Genera Transfer Medium Inhibi Genera Minimum Transfer Inhibi

tions medium with 1 тм - tion tions medium medium tion
(mini -3-AT (%) (withlmM- (%)
mum) -3-AT)

1 8.3 0.431 0.385 11 7.5 0.431 0.385 n  ‘
2 8.5 0.486 0.433 10 8.5 0.460 0.446 3
3 8.6 0.485 0.447 8 8.2 0.485 0.456 6
4 8.6 0.478 0.423 11 8.8 0.472 0.450 5

The da ta  of this experim ent show that the  lack of lag phase and 
ca 10n/o grow th ra te  inhibition by 1 тм -3-А Т , characteristic  for a popula
tion which had acąuired its resistance a t the  sam e 3-AT concentration, 
did not change after 25 generations in a m edium  devoid of 3-AT. 
On the o ther hand, one additional tran sfe r of a celi population, 
im m ediately a fte r  it had been m ade resistant, through a m edium  w ith 
3-AT (serial transfer 1 on the  right) augm ented som ew hat the  resistance, 
but even the  two following transfers  did not render the  population 
ind ifferen t to  3-AT.

The effect of histidine in  cu ltu re  m edium  on the  m aintenance of 
resistance to 3-AT was studied in  a parallel experim ent. It has been 
found th a t the  presence of 0.25 т м -histid ine in subcu ltu re  media does 
not reduce th e  resistance.

DISCUSSION

The tw o S. cerevisiae s tra ins used in th is w ork, YF and LM 2, d iffer 
in their sensitiv ity  to 3-AT. The w ild stra in  is m ore sensitive than LM 2 
although neither was previously exposed to  3-AT. At the  sam e tim e the 
wild s tra in  is easily adap tab le  to the  inhibitor. It is possible tha t the
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difference in adaptability  is quantitative, as LM 2 has not been tested 
a t 3-AT concentrations higher than  3.2 т м  which m ight have provoked 
the  appearance of a lag phase and  resistance induction. It is not elear 
w hether the  Iow sensitivity  of LM 2 stra in  results from  the presence 
in  its genome of m utated  recessive genes involved in  the control of 
histid ine biosynthesis or depends on some other factors.

Desborough et al. [4] have described in  S. cerevisiae the gene TZ, 
whose alleles determ ine th e  resistance and sensitivity  to  3-AT. Analogous 
genes w ere  also found by Luzzati (personal eom m unication) in m u tan ts  
derived  from  th e  stra in  LM 2. One of them, AT, is dom inant and another, 
at, recessive regard ing  3-AT resistance. The аѵаіІаЫе inform ation is not 
sufficient to decide w hether the  resistance studied here is related  to  any  
of these genes. Могеоѵег, the  notion of selection of preexisting m utan ts  
can hard ly  be accepted, as it w as calculated from  th e  data  of ехрегі- 
m ents like th a t shown in Fig. 1A that the  resistant cells would form  
0.5 - 2.5% of the  original sensitive population. This is definitely  m ore 
th an  th e  value of 1 0 -8 , generally  accepted as incidence index of 
spontaneous m utan ts . Also the  lim ited extent of the  resistance seem s to 
imdicate th a t the  difference betw een original and resistan t populations 
is ra th e r quantitative.

The existence of 3-AT resistan t m utan ts of S. cerevisiae does not 
necessarily indicate that in еѵегу case of 3-AT resistance in  th is  
organism  the  specific genes a re  involved. Moyed [11, 1 2 ] found th a t in  
Escherichia coli both genetic and phenotypic resistance to 2-thiazole 
a lan inę (acting as inhibitor of phosphoribosyl-ATP pyrophosphory- 
lase [1]) a re  reciprocally not related . The genetic resistance is due  to  
m uta tion  rendering  this enzyme insensitive to the  inhibitor. The kinetics 
of the  phenotypic resistance developm ent was sim ilar as in the  present 
experim ents w ith 3-AT. The population resistan t to 2-thiazole a lan inę 
was able to grow in fresh m edia containing th e  inhibitor w ithout lag 
phase and a t on ly  slightly  dim inished rates. However, the  resistance 
was lost w hen the cells were grown for 1 0  generations in  the absence 
of 2-thiazole alaninę. This phenotypic resistance was due  to  the  
derepression of enzymes of histidine biosynthesis. The in itial reduction 
of h istidine form ation led to the d im inution of its in tracellu lar content. 
In  consequence, the  genie m echanism  repressing the form ation of the  
enzym es of h istid ine biosynthesis in response to h istid ine concentration 
in the  celi, was shu t out and the increased am ount of phosphoribosyl- 
-A TP pyrophosphorylase perm itted  histidine synthesis to  proceed at 
a higher ra te  in sp ite  of the  inhibitor being present and  the  unchanged 
sensitiv ity  of the  enzyme. The growth of such derepressed and  resistan t 
s tra in  in  m edia w ithout 2 -th.iazole alaninę led to a rela tive overproduc- 
tion of histidine, repression of form ation of the  enzymes of histidine 
biosynthesis and, consequently, to the  loss of resistance.
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O ther resu lts from  our laboratory  indicate [9] that 3-AT inhibits 
one of the  enzymes of histidine biosynthesis, probably  im idazoleglycerol- 
phosphate dehydratase [9]. Nevertheless, there  is no indication a t 
p resen t as to the  m echanism  by which the  resistan t cells counteract 
the  inh ib ito ry  effect of 3-AT. The derepression of the  sensitive enzyme 
m ight rea lly  occur in this case also as a resu lt of lim itation of histidine 
synthesis. However, th e  resistance to 3-AT persists unchanged after 
25 generations in  m edia w ithout 3-AT and, тогеоѵег, in m edia containing 
histidine. The resistance of E. coli to 2-thiazole a lan inę is lost during  
10 generations in  m edia w ithout the  inh ib itor [11]. This d ifference 
indicates th a t in yeast another m echanism  is operating, or tha t the  
enzyme repression has some special features. It seem s probable that 
in yeast the  inducible resistance to 3-AT is dependent on a factor 
ensuring the stab ility  of this resistance and operating apparently  on 
a h igher level of celi organization. Some properties of such a factor can 
be deduced from  the  presented experim ents: (1) Since 3-AT in the  
presence of histidine i.e. under conditions w here there  is no inhibition 
of growth, is unable to induce th e  resistance it follows th a t not the  
presence of 3-AT but its grow th inhibiting effect is reąu ired  for the  
арреагапсе of the factor. (2) The degree of resistance of single colony 
substrains is rela ted  to 3-AT concentration during  resistance develop- 
m ent. This indicates tha t the  factor is set on a  certain  level of activ ity  
or is produced in ąu an tity  depending on inhibitor concentration. (3) This 
Іеѵёі of resistance is m ain tained  unchanged regardless of the  presence 
of 3-AT in  cu ltu re  media. Its  persistance through at least 25 m itotic 
divisions, d ilu ting  th e  original celi components m ore th an  m illion-fold, 
indicates th a t the  factor is endowed w ith  the  ab ility  to be quantita tively  
replicated.

Before pursuing fu rth e r studies on the  n a tu rę  of the  presum ed 
factor, it should be first elucidated w hether th e  selection of predisposed 
individuals does participate  in the  m echanism s rendering  a yeast popula- 
tion resistan t to  3-AT. The exclusion of such a possibility iwo u ld perm it 
to accept th a t a m echanism  of tru e  adaptation is operating in each celi.

SUMMARY

Sensitiv ity  of w ild yeast to  3-am ino-l,2,4-triazole (3-AT) is transient, 
due to  the  fast grow th of resistan t cells. The degree of resistance depends 
on 3-AT concentration a t  which it has been acquired. Histidine, re -  
-establishing the  growth, prevents the  developm ent of resistance. The 
resistance to 3-AT is stable, lasting during  at least 25 m itotic divisions 
in media devoid of 3-AT.
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A DA PTA CJA  DROŻDŻY DO 3-AM IN O -l,2,4-TRIAZO LU

S t r e s z c z e n i e
W rażliwość szczepu dzikiego S. cerevisiae  na 3-am ino-l,2 ,4-triazol (3-AT) jest  

przejściow a, gdyż szybko w zrastają kom órki oporne. Zakres oporności zależy od 
stężenia 3-AT, przy którym  została nabyta. H istydyna, przyw racając w zrost, zapo
biega pow staw aniu  oporności. Oporność na 3-AT jest trw ała przez co najm niej 25 
podziałów  m itotycznych w  pożyw ce bez 3-AT.

R eceived 13 Septem ber 1962
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IMIDAZOLEGLYCEROL ACCUMULATION BY YEAST RESULTING 
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D ep ar tm en t of B iochem istry ,  Research In s ti tu te  of M other and Child, Warszawa.

3-A m ino-l,2,4-triazole (3-AT) has been sho.wn to affect yarious m eta- 
bolic functions in different organism s. In  higher plants, it inhibits chlo- 
rophyll form ation and Łnterferes w ith  anthocyanin m etabolism  [19]. In  
alga Oscillatoria princeps, 3-AT inhib its glycogen phosphorylase reaction 
[10], probably by spontaneous reaction w ith g lucose-l-phosphate [9]. In 
ano ther alga Chlorella pyrenoidosa, groiwth inh ib itory  effect of 3-AT 
is reversed partially  by purines [24]. In anim als, 3-AT inhibits haem e 
synthesis [6 ], probably by dim inution of <5-aminolaevulinate dehydratase 
activ ity  in  tissues [22]. Besides, 3-AT inactivates irreversiibly anim al 
catalase [18], tyrosinase and fa tty  acid oxidase [8 ]. In m icroorganism s, 
3-AT inhibits 5 -am inoim idazole degradation by enzymes of Clostridium  
cylindrosporum  [21]. The graw th inhibition of Escherichia coli is partia lly  
reversed by adenine o r histidine; w hen present together, adenine and  
histidine resto re  the  grow th com pletely [23, 7].

In yeasts, the inhibition by 3-AT of grow th of Torula cremońs  is 
fu lly  reversed  by histid ine [23]. H ilton [15] found the  sam e effect of 
histidine in  Saccharomyces cerevisiae and  Schizosaccharomyces pombe. 
Some o ther amino acids and natu ra l purines also reversed  th e  3-AT 
effect on yeast growth, bu t th e ir action was d istinctly  weaker. H ilton 
concluded th a t in  yeast, 3-AT in terferes w ith h istidine biosynthesis 
ra th e r th an  w ith  its utilization. The present resu lts  lend fu rth e r support 
to th is concept. The non-com petitive character of histidine effect re- 
garding 3-AT has been confirmed. In addition, it has been found th a t 
yeast inhibited  by 3-AT accum ulates im idazoleglycerol phosphate (IGP), 
an in term ediate of h istid ine biosynthesis. This would indicate th a t th e  
inhibitory effect of 3-AT in  yeasts is connected w ith th e  reaction cata
lysed by IG P dehydratase.

MATERIALS AND METHODS

Abbreviations. 3-AT, 3-am ino-l,2 ,4-triazole; IGP, D -erythro-im idazo- 
leglycerol phosphate; IG, D -erythro-im idazoleglycerol.

* This w ork w as supported by a grant from  the C om m ittee of B io c h e m is t r y -  
and B iophysics of the Polish  A cadem y of Sciences.
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Organisms. Ali straiins of S. cerevisiae used during this w ork  w ere 
k indly  supplied by D r M. Luzzati from  Laboratoire de G enetiąue Physio- 
logiąue in G if-sur-Y vette (France). S trains Yeast Foam  (YF) and  LM 2 
are  prototrophic diploids [see 16]. The haploid s tra ins used, listed in 
Tables 1 and 3 a re  auxotrophic m utants.

Cultures. G row th experdments w ere m ade as described previously [16] 
using the  m inim um  m edium  of Galzy & Słonim ski [12]; for th e  auxotro- 
phic m utants, w hen necessary, adenine and  uracil in  concn. 0 . 5  т м , and 
L-amino acids (0.25 т м )  were added.

In  experim ents m ade for imidazoleglycerol (IG) accum ulation the 
cells w ere allow ed to grow in m inim um  medium, even tually  supple- 
m ented as specified in Results, and dispensed s te rilly  in to  Еѵеіуп tubes. 
The cotton-stoppered vessels w ere  shaken horizontally  a t 27°. The initial 
celi density  was 300 м-g. dry  w eight per ml. Each tu b e  contained a glass 
bead to  p reven t celi deposition on the bottom. Ali supplem ents w ere 
p repared  by dissolving in the medium. Only 3-AT, form ing spontaneously 
even a t room tem peratu rę  an  addition product w ith  glucose [13], was 
sterilized as concentrated aąueous solution and d ilu ted  before use with 
th e  m edium .

D ry weight of growing yeast and  celi suspensions w as determ ined 
w ith Еѵеіуп photom eter, using 660 mjx filter.

Chemical methods. Form ation of ary lam ine in term ediates of histidine 
biosynthesis by cell-free ex tracts was estim ated as described previously 
[17] iwith a slight modification sińce 3-AT gives a red  colo u r w ith  B rat- 
ton-M arshall reagents. It was observed th a t diazotized 3-AT, contrary  
to  diazotized 5-ami.noimidazole derivatives, is rap id ly  decomposed by 
sulpham ate. The rising of sulpham ate concentration to 1% and  the  pro- 
longation of th e  interwal betw een th e  addition of su lpham ate and of 
l-JV -naphtyl-p-ethylenediam ine from  2 to 15 m in. perm itted  to avoid 
3-AT in terference up to at least 3 M-moles 3-AT per sam ple used for 
estim ation.

D eterm inations of IG and IGP w ere done by the m ethod of Ames [1]. 
In order to handle greater sam ples and to  neutralize the  acid pH of the 
grow th m edium , the  m ethod w as m odified w ithout affecting the  rela tive 
coneentrations of reagen ts as follows: 0 . 6  m l. of m edium  was added w ith 
0.05 ml. of 0.5 м -sodium  phosphate buffer, pH 7.0, and  0.15 ml. of 
0.33 м-sodium  m -periodate dissolved before use in  hot w ater. A fter 
thorough mixing, the  tubes w ere left for 2 0  m in. at room tem peraturę . 
Then 4.2 ml. of n-butanol - piperid ine m ixture (20:1, v/v) w as layered 
on, followed by 0.2 ml. of sa tu ra ted  sodium  borate. The form ed im idazole- 
form aldehyde was extracted by vigorous horizontal shaking of stoppered 
tubes for 20 seconds. A fter centrifugation, the butanol layers w ere pip- 
e tted  off for extinction m easurem ents a t 310 mu in Beckm an DU spectro- 
photom eter. The blank contained fresh m edium  trea ted  in the sam e way
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A nother correction was introduced because w hen yeast was grown in 
the  absence of 3-AT, in the  m edium  a compound was present which in 
the  Ames’ m ethod exhibited UV absorption. The values for th is absorp- 
tion, shown in  Fig. 4 as сигѵе B, w ere  sub tracted  from actual values for 
m edia in which yeast had grow n in the  presence of 3-AT. The resu lting  
values gave curve С resem bling that for partia lly  purified  IG and  IGP 
preparations (Fig. 5). This correction was m ade for a ll determ inations 
except those show n in  Table 3. For determ inations of IG form ation by 
auxotrophie m utants, parallel series of blank tests w ith w ater instead 
of m -periodate w ere made.

The IG or IGP content was calculated from  net extinctions on the  
basis of E3 1 0 value 0.230 for 0.1 umole of IGP given by Ames [1]. In this 
m ethod, 3-AT does not affect the  results.

Chemicals. The following Chemicals w ere commercial products: d i- 
sodium  ATP, barium  ribose-5-phosphate, barium  phosphoglycerate and 
l - glutam inę (N utritional Biochemicals Corp. Cleveland); adenine hydro- 
chloride (Feinchemie, Berlin); uracil (British Drug Houses, Poole); l -h is 
tidine dihydrochloride m onohydrate (Chemapol, Praha); DL-methionine 
(Light, Colnbrook); L -tryptophan (Fluka, Buchs); and 3-am ino-l,2 ,4-tria- 
zole (Serlabo, Paris).

n-B utanol (Estron, W arszawa) and piperidine (Schuchardt, Munich) 
w ere purified  by redistillation. Only the fractions of n-butanol showing 
the extinction at 310 mu lower than  0.2 w ere used. n-B utanol (К. & K., 
Jam aica N.Y.) having E3 1 0  equal to 0.068 was used w ithout redistillation.

RESULTS

Reversal of 3-AT inhibition of yeast growth by histidine
In confirm ation of earlier reports by W eyter & Broąuist [23] and by 

H ilton [15], it has been found that L-histidine restores the  yeast grow th 
inhibited by 3-AT to norm al pattern , both w hen YF or LM 2 stra in s 
w ere used in experim ents. As shown in Fig. 1, histidine accelerated th e  
initial grow th rates. A fter a  time, depending on histidine concentration, 
the grow th becam e slow er and entered a new  exponential phase, d iffering 
from the  form er by its  rate . The intersection points of logarithm ic parts  
of the  curves, found by extrapolation, determ ine celi mass yields corres
ponding to given am ounts of histidine in  media. The data presented 
in Table 1 show  th a t the  yields w ere d irec tly  proportional to h istidine 
content, just like in  the  experim ent w ith  histidineless m utants. Since 
also the  values of grow th yields per mumole of h istidine w ere nearly  
the same, it can be sta ted  tha t yeast response to  h istid ine in  th e  presence 
of 3-AT is identical to th a t of m utants w ith  blocked histid ine biosyn- 
thesis. This resu lt suggests tha t in yeast the  only reaction sensitive to 
3-AT and  sim ultaneously  essential for growth is concerned w ith 
histidine biosynthesis.
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Fig. 1. E ffect of L-histidine concentration  
on the grow th of Y east Foam cells  in the  
presence of 1 т м -3 -А Т . The num bers 
facing the curves represent т м  concentra- 
tions of L-histidine. (O), Control (w ithout 
3-AT); (x ), w ith  1 т м -3 -А Т , (# ), w ith  

1 т м -3 -А Т  and histidine added.

A lternatively, histidine would act also if 3-AT in terfered  w ith h isti
dine utilization. However, if it w ere so, lowest histidine concentrations 
should resto re  grow th rates only partially . As it m ay be seen from%

T a b l e  1

The effect  of histidine on the growth of yeast Y F  strain inhibited by 3 -A T y
and of histidineless mutants

The cells w ere grow n in minimum m edium  [12], supplem ented for the strain  
2 - 9  w ith  0.5 m м-adenine. The growth y ields w ere calculated from  the in tersection  
points found by extrapolation  of exponential parts of grow th curves (Fig. 1). Tem p.

of incubation 27°.

Strain Genotype
3-AT
(тм )

Histidine
(тм)

Growt

(pg- dry 
wt./ml)

i yield

(Мё- dry 
wt./m^- 
mole of 
histidine)

Yeast Foam wild 1 0.004 68 17.0
1 0.008 160 18.0
1 0.012 215 17.9
1 0.016 240 15.0
1 0.020 355 17.7

Average 17.1
2-9 hi\, ad2 0 0.020 440 22.0
D-230-9A hit 0 0.020 430 21.5
D-256-2B his 0 0.020 430 21.5

Average 21.7
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Fig. 1, 0.004 шм-histidine reverses com pletely th e  inhibition produced 
by 1 шм-3-AT. The effect is tem porary, of course, because the  amino 
acid is rapidly  incorporated into proteins of growing cells. The ability  of 
h istid ine to counteract the  250-fold, a t least, inhibitor concentration and 
to m ain tain  the constant grow th ra te  in  spite of continuous disappearance 
a t unchanged 3-AT concentration argues against the  possibility of com- 
petitive in teraction of 3-AT w ith histidine itself. Therefore it seems 
im probable that s tru c tu ra l analogy betw een imidazole and triazole 
m oieties of these compounds m ight play a role in the  process of yeast 
grow th inhibition by 3-AT.

Lack of 3-AT effect  on biosynthesis of arylamine intermediates  
of histidine biosynthesis

To obtain m ore direct evidence of th e  inhibition of histidine biosyn
thesis by 3-AT, the  experim ents w ere m ade w ith cell-free  ex tracts able 
to synthesize the early  in term ediates of this biosynthetic pathw ay [17]. 
The Inform ation concerning their exact Chemical s tru c tu re  is ra ther 
scarce. However, it is well established that one of .these compounds, 
nam ed by M agasanik “Compound III” [20], yields am inoim idazolecar- 
boxam ide ribotide on m ild acid hydrolysis. Therefore, the  am ount of 
non-acetylable ary lam ine a fte r acid hydrolysis represents the  formed 
■“Com pound III” [20, 17]. It appeared (see Table 2) tha t 2 шм-3-AT dimi- 
n ished the  form ation of th is compound by extracts of LM 2 cells only 
by 20%. Since 1.6 шм-3-AT inhibits the  grow th ra te  of this stra in  
by 51%, it follows that the  effect observed in vitro is of only secondary, 
if any, significance.

T a b l e  2

Formation of “Compound II I” in the presence of 3-AT
Incubation m ixture contained: potassium  ribose-5-phosphate 10 шм, A TP 2 шм, 
potassium  phosphoglycerate 15 шм, potassium  phosphate buffer, pH 7.4, 50 т м ,  
l - glutam inę 7.5 т м , m agnesium  chloride 10 т м , and 3.0 mg. protein of dialysed  
ce ll-free  extract of LM 2. Incubation tem peraturę w as 37° [17]. The non-acetylab le  
arylam ines w ere determ ined after 20 min. hydrolysis in 1 N-HC1 by Bratton-M ar- 
shall m ethod as described in M ethods. “Compound III” form ation w as calculated  
from the total am inoim idazolecarboxam ide form ed. The results of one typical

experim ent are given.

Incubation time „Compound 111“ (nty/moles/ml.) Inhibition

(min.)
Control with 3-AT (2тм)

(%)

30 97.5 80.7 17
60 168.3 134.7 20
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Accumulation of IG by 3-AT inhibited yeast cells

W hen yeast, inhibited by 3-AT, -was growing slowly, an  accum ulation 
of IG in  the m edium  was obseryed. Fig. 2 shows th a t IG accum ulation 
by LM 2 cultures is d irectly  proportional to  the logarithm  of 3-AT con
centration. W ith the w ild s tra in  YF the  increase of the  inhibitor 
concentration did not influence the  IG accum ulation. It was verified 
by spectrum  analysis that the  horizontal line d raw n from  the  net yalues

Fig. 2 Fig. 3
Fig. 2. A ccum ulation of im idazoleglycerol by strains (#), Y east Foam and (O),

LM 2 inhibited by 3-AT.
Fig. 3. E ffect of L-histidine on accum ulation of im idazoleglycerol by LM 2 cells  

inhibited by 2 т м -3 -А Т , -after 20 hr. culture.

(corrected for non-specific ultrayiolet light absorption of m -periodate 
trea ted  sam ple of control, w ithout 3-AT, cu ltu re  medium) really  
represents the  accum ulated IG. From  grow th m easurem ents it was in fe r- 
red  th a t the  lack of effect of increasing 3-AT concentration on IG 
accum ulation is only apparen t and resu lts  from  decreasing finał growth 
yields of YF. So, the  h igher w as 3-AT concentration, the  m ore elevated 
was rea lly  the  form ation of IG per celi and  tim e unit. The shape of the  
resu lting  curve of IG accum ulation versus 3-AT concentration suggests 
th a t a close rela tion  exists in YF s tra in  betw een grow th lim itation 
and  IG accum ulation. On the  o ther hand, in  LM 2 the  3-AT effect 
on IG production was m ore pronounced than  that on the  growth rate. 
This re la tive  overproduction of IG and  by inference of IGP m ight 
constitu te a  basis for a ten ta tive  explanation of Iow sensitiv ity  of this 
s tra in  to 3-AT as com pared w ith  YF, obseryed in o ther experim ents [16].
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Identification of the accumulated substance

To m ake su re  th a t the  accum ulated substance is really  re la ted  to  
h istid ine biosynthesis, experim ents w ere m ade on m utan t stra ins blocked 
in h istid ine o r adenine biosynthesis. The resu lts presented in Table 3 
indicate th a t hi± m utants, blocked in  the  reaction form ing phosphori- 
bosyl-ATP (T. Kłopotowski, unpublished experim ents) are  unable to  
accum ulate any  compound form ing by oxidation w ith  m -pericdate 
a derivative absorbing in u ltraviolet and ex tractab le  by a lkaline n -b u ta - 
nol. Furtherm ore, the  adenineless m utants did not accum ulate such 
a compound unless provided w ith  adenine.

Also histidine, know n as a feedback inhibitor of phosphoribosyl-ATP 
pyrophosphorylase [20, 2, 17] prevented such an accum ulation. Fig. 3 
shows the  effect of increasing histidine concentrations on IG accum ula
tion in  the  m edium . It m ust be noted tha t h istid ine enhances yeast 
grow th in  the  presence of 3-AT. Hence, the  IG form ation calculated 
per celi and tim e unit plotted against histidine concentration would 
be represen ted  by a curve declining even m ore steeply.

T a b l e  3
Inability of hit mutants  to accumulate imidazoleglycerol, and adenine  

reąuirement for this accumulation by adenineless mutants  
in 3-AT containing media  

The sym bols of b iosynthetic blocks are the nam es of genes w hose m utation resulted  
in respective grow th reąuirem ents of adenine (ad), h istid ine (hi), m ethionine (me), 
tryptophan (tr) and uracil (ur). The sign x  is used w hen the gene w as not tested for

a llelism , and classified.
The suspensions of m utant cells w ere added to m inim um  m edium  supplem ented  
w ith  1 т м -3 -А Т , and respective grow th factors to the concentrations g iven  in  
M ethods, excep t for adenine added as specified  in the Table and histidine w hich  
was om itted. The grow th proceeded for tw o divisions till the exhaustion  o f  
internal h istid ine pool, derived from  previous m edia. A fter 20 hr. the cultures  

w ere centrifuged and IG determ ined in supernatants.
In th is experim ent, the correction for non-specific u ltraviolet absorption appearing  

in m edia w ithout 3-A T  after m -periodate treatm ent w as not made.

Błock in the biosynthesis of IG accumulation (mumoles/ml.)

Mutant
adenine histidine other

compounds
3-AT media 

without adenine
3-AT media with 

О .ітм-adenine

2-9 adi hi\ — 8 0
1-35 ad6 hi\ tri, urx 2 9
4237 B-l ad2 — tri 19 45
4062 С ad^ — mex, urx 19 109
2779 A ads — trx, urx 10 68
1-5 ad6 — mex, trx 23 107
5178 В ad-j — trx. urx 0 24

1 18-35 — — trx 88 85

IMIDAZOLEGLYCEROL ACCUMULATION
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The whole of this evidence suggests that the  accum ulated compound 
is an in term ediate of histidine biosynthesis and that it is not a 3-AT 
derivative. Нолѵеѵег, this evidence does not suffice to s ta te  that IG is 
the  only in term ediate  of histidine biosynthesis accum ulated as a resu lt 
•of 3-AT inhibition. It is especially im portant to know  w hether the 
products of histidine precursors posterior to Ю Р appear in  the medium. 
To clarify  th is point an  experim ent was done, in which the  am ount of 
accum ulated  imidazoles was established. The yeast of LM 2 stra in  grown

Fig. 4 Fig. 5

Fig. 4. UV absorption spectra of m -periodate treated culture m edia. Curve A,
th e m edium  after the grow th of LM 2 in the presence of 2 т м -З -А Т ; сигѵе B,
the m edium  after the grow th of LM 2 in the absence of 3-AT; сигѵе C, resulting  

from  subtraction of the сигѵе В from A.
Fig. 5. UV absorption spectra of m -periodate treated preparations from  (O), the
m edium , and ( • ) ,  the cells of LM 2 grown in the presence of 0.5 т м -3-AT. The

sam ples contained 0.22 р т о іе  IG and 0.20 ц т о іе  IGP, respectively.

in  10 1. of m inim um  medium containing 0.5 тм -3 -А Т  and 0.2 тм - 
-adenine was harvested  and washed w ith distilled w a te r by centrifuga- 
tion. The cells (26 g. of d ry  weight) were extracted four tim es w ith  
boiling w ater. The imidazole compounds were isolated from  this ex tract 
and  from  cell-free m edium  by the  procedurę of Ames et al. [5]. A fter 
discarding su lphate  and phosphate ions w ith barium  acetate, the  im ida
zoles were precip itated  from elear supernatan ts by trea tm en t with 
ethanolic solution of m ercuric chloride. The m ercuric complexes of 
imidazoles w ere ex tracted  by repeated  treatm ent with 0.5 N-hydro- 
chloric acid. The m ercuric ions w ere precipitated from  the  hot solution 
w ith  hydrogen sulphide. The elear supernatan ts devoid of m ercuric 
chloride and hydrogen sulphide w ere freed from 3-AT by adsorption on 
acid-w ashed active charcoal. The adsorption was repeated m any times
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up to  the disappearance of traces of colour w ith  B ratton-M arshall 
reagen ts for arylam ines. Finally, the Solutions w ere neutralized  w ith  
potassium  hydroxide and tested  for imidazole by Am es’ procedurę [1] 
(Fig. 4 and 5).

The ultraviolet spectra of both preparations gave single peaks w ith  
a m axim um  at 310 т ц  (Fig. 5). The т а х і т и т  agrees w ith th a t given 
by Ames. The total yields of imidazoleglycerols from m edium  and cells 
w ere 79 and 30 ц-moles, respectively.

The preparations w ere tested  for imidazoles by ascending chrom ato- 
g raphy  on W hatm an no. 1 paper in the  solvent system  of chloroform - 
-m ethanol - form ie acid (3:3:1, by vol.) aecording to Ames & M itchell [4]. 
The dried chrom atogram s w ere  tested for imidazoles by P au ly  reac
tion [3]. It appeared tha t the  m ateriał isolated from  the cu ltu re  m edium  
gave only one spot of R F 0.30, and  tha t from  the  cells also one spot, but 
of a lower R F value. The num ber of spots and  the ir rela tive  positions 
on chrom atogram s seem to show that the  only accum ulated im idazole 
com pound in the  cells is IGP, and in  the  m edium  its dephosphorylated 
derivative, IG.

DISCUSSION

The present resu lts  dem onstrating the  non-com petitive reversal of 
3-AT toxicity by h istid ine and  the  identity  of the  response to h istid ine 
of 3-A T-inhibited yeast and of m utan ts blocked in histidine biosynthesis, 
support H ilton’s assum ption tha t 3-AT inhibits ra th e r the  process of 
h istidine biosynthesis th an  th a t of its utilization.

Our finding that yeast inhibited  by 3-AT accum ulates IGP and  
excretes its derivative, IG, to the medium, gives a m ore precise indica- 
tion as to th e  3-AT sensitive reaction in yeast. However, it has been 
found by H artm an et al. [14] in Salmonella typh im urium  th a t not 
only В m utants (blocked in  gene В controlling IGP dehydratase  and 
histidinolphosphate phosphatase), but also several C, and  even D m u
tan ts (blocked in  fu rth e r reactions of h istidine biosynthesis, im idazole- 
acetol phosphate transam inase and histidinol dehydrogenase, respectively) 
accum ulate IG in  the m edium . Hence, the possibility would exist tha t 
3-AT causes IG accum ulation not necessarily by inhibiting  IGP dehyd ra
tase, but by inhibiting one of the  four enzym es acting betw een IGP 
and histidine. However, the  fact that preparations obtained from  m edium  
and cells by  Ames’ procedurę [5], devised to isolate all im idazole 
compounds, both contain only  one im idazole compound (IG or IGP) 
makes the supposition tha t 3-AT inhibits IGP dehydration th e  most 
probable one.
7

f9j
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SUMMARY

Inhibition of grow th of S. cerevisiae produced by am inotriazole 
(3-AT) is non-com petitively reversed by l-h istid ine.

The 3-A T-inhibited yeast cells accum ulate im idazoleglycerol phos- 
phate and  excrete imidazoleglycerol to the  medium. This suggests th a t 
3-AT inhibits im idazoleglycerol phosphate dehydratase.
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AKUM ULACJA IMIDAZOLOGLICEROLU W W YNIKU ZAHAM OW ANIA  
BIOSYNTEZY HISTYDYNY U DROŻDŻY PRZEZ 3-A M IN O -l,2,4-TR IA ZO L

S t r e s z c z e n i e  
Z a h a m o w a n ie  w z r o s tu  S. cerevisiae  p r z e z  a m in o tr ia z o l  (3-AT) j e s t  n ie k o m p e -  

t y t y w n ie  z n o sz o n e  p r z e z  L -h is ty d y n ę .
Zaham ow ane przez 3-A T  kom órki drożdży akum ulują fosforan im idazologlice- 

rolu i w ydalają  do pożyw ki im idazologlicerol. Pozw ala to przypuszczać, że 3 -A T  
jest inhibitorem  dehydratazy fosforanu im idazologlicerolu.

R eceiyed 13 D ecem ber 1962.
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PREPARATION OF POLY-5-FLUOROURIDYLIC ACID 
AND THE PROPERTIES OF HALOGENATED POLY-URIDYLIC ACIDS 

AND THEIR COMPLEXES WITH POŁY-ADENYLIC ACID

In s ti tu te  of B iochem istry  and Biophysics, Polish A ca d em y  of Sciences, W arszaw a

It has been previously shown that, w hen a m ethyl group is sub- 
s titu ted  on the  5-position of the  uracil rings in poly-U, the  resu lting  
poly-5-m ethyluridylic acid (or poly-rT) 1 exhibits properties surprising ly  
d ifferen t from  those of poly-U [32, 35]. A comparison of the tem pera tu rę  
profiles for the  two polym ers under identical conditions, in 0.01 M-MgCl2 

at neu tra l pH, showed that the  m elting point T m (or m id-point of the  
tem pera tu rę  profile) for poly-rT  was 36° as com pared to 8.5° for poly-U. 
The form er conseąuently  exhibits a high degree of secondary struc tu re  
at room  tem peratu rę  w here poly-U is in the  form  of a random  coil. 
F u rtherm ore  th e  tw in-stranded  со тр іех  of poly-rT  w ith  poly-A proved 
to. be considerably m ore stab le  therm ally  than  th a t of poly-U w ith  
poly-A, the T m values derived from  the  tem pera tu rę  profiles a t n eu tra l 
pH in SSC being, respectively, 79° and 58.5°. An im portant conseąuence 
of th is quan tita tive  d ifference in behaviour betw een poly-U and poly-rT  
is that the base pair A-T is not, as has been commonly assum ed [7, 29], 
equivalent to the  base pair A-U.

The rem arkab le  d ifference in stab ility  betw een the base pairs A-T 
and  A-U is, however, d ifficu lt to account for in term s of the  s treng th  
of the  W atson-Crick base pair hydrogen honds, sińce these should be 
alm ost equivalent for uracil and  thym ine. It conseąuently follows tha t 
the stab ility  of a polynucleofide helix  is by no m eans dependent only 
on the base pair hydrogen bonds, bu t m ust іпѵоіѵе factors o ther than , 
and additional to, hydrogen bonding. Additional evidence, both of 
a theoretical [5, 6 ] and experim ental [12, 13] naturę , has been accum u- 
lating and  w ill be refe rred  to in th e  Discussion, below.

1 The fo llow ing  abbreviations are used in this text: A , adenylic acid residue; 
U, uridylic acid residue; rT, 5-m ethyluridylic or ribotym idylic acid residue; 
FU, 5-fluorouridylic acid residue; BrU, 5-brom ouridylic acid residue; C1U, 5-chloro- 
uridylic acid residue; the p refix  “d” indicates a deoxyribo analogue of any of the  
foregoing; the prefix  “p o ły -” to one of the foregoing refers to the polym er resulting  
from the action of polynucleotide phosphorylase on the nucleoside-5 -pyrophosphate, 
e.g. poly-F U  is p oły-5-fluorouridylic acid; SSC refers_ to a standard salinę citrate  
solution (0.15 m sodium  chloride and 0.015 м-sodium  citrate).
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In view of the  foregoing, it appeared of in terest to е х а т іп е  the 
properties of analogues of poly-U containing a substituen t in the  5-posi- 
tion  which would be expected to m arkedly  m odify the properties of the  
uracil ring. A halogeno substituen t was considered to fulfil, at least 
partially , th is reąu irem en t inasm uch as it appreciably affects the

l I
dissociation of the  uracil H—N—С =  O grouping [ 2 1  involved in  hydro-

(3) (4)
gen bonding to  adenine residues in th e  poly-U +  poly-A tw in-stranded  
со тр іех , a lthough it likewise modifies both the  m agnitude and 
direction of the  perm anent dipole m om ent of the  uracil ring. It was 
conseąuently  decided to prepare poly-FU and to  com pare its properties 
w ith  those of poly-U and  poly-rT. The Br-, C l- and I-substitu ted  analo
gues of poly-U have already  been reported  [22] and presum ably  some 
da ta  on  their physicochemical properties w ill sho rtly  be m ade available; 
bu t the  obvious u tility  of these polym ers in re la tion  to the  present study 
prom pted us to m ake a few  provisional m easurem ents on samples of 
poly-B rU  and poly-ClU kindly  supplied by Dr. A. M. Michelson.

It rem ains to  add tha t o ther experim ental approaches will 
undoubtedly  be requ ired  in order to аггіѵе a t an adeąuate  under- 
standing  of the na tu rę  of the forces responsible for the stab ility  of 
polynucleotide helices. A ra th e r promising one involves the application 
of non-aqueous solvents, which has been extensively applied to  investiga- 
tions on the stab ility  of na tu ra l nucleic acids [9, 13]. C oncurrently  w ith 
the above, w e have in itia ted  such studies on synthetic  polyribonucleo- 
tides which, it is hoped, will provide sim pler m odels for the  in terp re ta- 
tion of experim ental findings.

Synthetic  procedures

The sta rting  m ateriał for synthetic  work was 5-fluorouridine, for 
which we are  indebted to Hoffman-LaRoche Inc. and Dr. A. R. Duschin- 
sky. This compound was converted quan tita tive ly  to  2 ',3 '-0-isopropyli- 
dene-5-fluorouridine by the m ethod of Levene & Tipson [7]. The la tte r 
derivative was phosphorylated by m eans of /Lcyanoethylphosphate [36]; 
paper chrom atography showed that phosphorylation by this procedurę 
was fu lly  quan tita tive  and  the only losses incurred  w ere  those resulting 
from  the  technical m anipulations involved in  th e  isolation of 5-fluoro- 
urid ine-5 '-phosphate (F-UMP) from  the  reaction m ixture.

P rio r to phosphorylation the  stab ility  of th e  fluoro substituen t in 
the  5-position of the  uracil ring was exam ined under the  acid and 
alkaline conditions requ ired  for гетоѵ аі of the  /?-cyanoethyl and iso- 
propylidene groups during  the isolation of F-UM P. P aper chrom ato
graphy  and  spectral m easurem ents dem onstrated th a t 5-fluorouridine 
was fu lly  resistan t to  the action of n-HCI at 100° for 60 min. and  to 
0.5 к-NaOH at 100° for 40 min.
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5-F luorouridine-5 '-pyrophosphate (F-UDP) was then  obtained by 
trea tm en t of F-UM P w ith  dibenzylphosphochloridate [20], in 62% yield. 
Here again it w as necessary in itia lly  to  check the  stab ility  of th e  
5-fluoro substituen t under the  hydrogenation conditions norm ally  
reąu ired  for the  гешоѵаі of benzyl groups, employing a catalyst in 
sligh tly  acid (pH 4.5 - 5.0) m edium. The im portance of th is is testified  
to by the fact th a t hydrogenation on a catalyst consisting of 10% P d  
on active carbon, in alkaline medium, leads to the  hydrogenation of the  
fluorine w ith th e  form ation of urid ine [8 ]. However, under the  ехрегі- 
m ental conditions herein  employed, i.e. pH 4.5 - 5.0, th e  fluoropyrim idine 
ring was found to be fu lly  stable, as m ight have been anticipated.

The pyrophosphate derivative proved to be a substra te  of poly- 
nucleotide phosphorylase. In initial experim ents, employing s tan d ard  
conditions [11], the  yield of polym er was ra th e r  Iow. This was circum - 
vented by an  increase in the concentration of Mg2+ ions in the  incubation 
medium, which resu lted  in reproducible yields of polym er of 28 - 31%.

Properties of poly-FU

Poly-FU  was com pletely hydrolysed by pancreatic ribonuclease and 
by snake venom  (Crotalus adamanteus) w ith  the  form ation of m ono- 
nucleotides and  nucleosides, respectively. Hydrolysis was accom panied 
by an  increase in  extinction a t 269 m u  of 7 .3 % , m easured at pH 6 w here 
the uraeil residues exist in  the  non-dissociated form  [2 ].

Hydrolysis of th e  polym er in 1 n-HCI a t 37° for 20 hr. led to  an  
increase in extinction of about 8.5%, the m easurem ents of absorp tion  
being m ade a t room tem peratu rę . The foregoing value for the  h yper- 
chrom icity is sligh tly  lower than  th a t for poly-U [34] and  very  m uch 
less than  tha t for poly-rT  [10, 35]. It m ay be in ferred  from  this that, 
like poly-U, poly-FU  a t room  tem peratu rę  is in the form  of a random  
coil.

In view  of the  fact th a t poly-U exhibits an appreciable increase in 
hypochrom icity a t Iow tem peratures [18, 34], testifying to the  form ation 
of secondary s tru c tu re  under these conditions, the  extinction of poly-FU 
was in itia lly  exam ined оѵег a tem pera tu rę  rangę of 5 - 7 5 °  in 
0.01 M-MgCl2 a t neu tra l pH, m easurem ents being m ade a t 269 m+. 
No change in  extinction could be detected. Only below 5°, and dow n 
to 2 .5 °, which w as the  lowest tem pera tu rę  a tta inab le  by insta lla tion  of 
the spectrophotom eter in  the  cold room, was a tem pera tu rę  profile 
placed in evidence, w ith  a decrease in extinction of 7.5% w hich w as 
reversible on raising the  tem peratu rę . The fact tha t the  T m is well 
below th a t for poly-U, and  the m agnitude of the  tem pera tu rę  hypo
chrom icity so Iow, im plies th a t even a t Iow tem pera tu res the  degree of 
secondary s tru c tu re  of poly-FU is considerably less than  tha t possessed 
by poly-U.
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The pK for dissociation of the 4-carbonyl in fluorourid ine and fluoro- 
uridylic acid is 7.75 [2 ]. In poly-FU, on the  o ther hand, the  pK is shifted 
to 8.3 (see Fig. 4, below).

Some ąuestion m ight be raised w ith  regard  to th e  foregoing results, 
in the  absence of sedim entation constant m easurem ents, on  the grounds 
tha t the m olecular weight of our poly-FU preparations m ay have been 
unduly  Iow. Against this, it should be pointed out th a t the properties 
of the poly-FU sam ples resu lting  from  successive polym erizations w ere 
quan tita tively  reproducible. F urtherm ore  the ab ility  of poly-FU to  form  
a tw in-stranded  со тр іех  w ith  poly-A (see below), the  tem pera tu rę  
profile of which was as sharp  as that norm ally  encountered w ith tw in- 
-stranded  helices, suggests tha t ou r poly-FU preparations w ere a t least 
as highly polym erized as those of poly-U . 2

Complexes w ith poly-A

Like poly-U, poly-FU read ily  reacted w ith  poly-A under appropriate  
conditions to form  tw in or trip le-stranded  complexes. The reactions 
w ere followed in the  usual way [38] by the  addition or “titra tio n ”, of 
one polym er solution to the  o ther and noting the  decrease in extinction 
rela tive to tha t expected for the arithm etic  sum  of the  two polymers. 
In  Fig. 1 is shown th e  decrease in  extinction a t 263 mp. conseąuent on 
the  form ation of a tw in-stranded  со тр іех  betw een poly-A  and  poly-FU 
at room tem peratu rę  in  SSC at pH 6 - 7 .  The т а х і т и т  decrease in 
extinction occurs, as expected, for a m olar ratio of th e  tw o components 
of 1 :1 , the  hypochrom icity (i.e. the  decrease in absorption of the  со тр іех  
rela tive to the  arithm etic sum  for poly-A +  poly-U) being 34%.

In 0.1 M-MgCl2 a t pH 6  or 7 a со тр іех  was form ed w ith a т а х і т и т  
hypochrom icity of 41.5% a t 263 mu at a ratio  of poly-A  to poly-FU 
of 1 :2 .

Fig. 2 exhibits the  yariation in  extinction a t 263 mp as a function 
of tem pera tu rę  for th e  1:1 со тр іех  of poly-A +  poly-FU in standard  SSC. 
In view  of the Iow pK of F-UM P, about 7.8 [2], th e  curve was also ru n  
in the  same solvent buffered to pH 6 , w here  F-UM P exists only  in  the 
non-dissociated form, w ith identical results. The tem pera tu rę  profile 
for the  со тр іех  is seen to  be fairly  sharp  and  the dissociation of the  
helix is accom panied by an  increase in  extinction, o r  hyperchrom icity, 
of 50%; w hile the  m id-point of the  transition, Tm, occurs a t a tem pera tu rę  
of 55°. These values are  very  sim ilar to those for the  corresponding 1 : 1  

с о тр іе х  of poly-A +  poly-U (hyperchrom icity 53%; T m 59°) under the 
sam e conditions.

2 F ollow ing  com pletion of th is w ork, w e received a sam ple of p o ly-F U  prepared  
in the laboratory of Prof. S. Ochoa. This sam ple w as reported to have a sed im en ta
tion coefficient, 520,w, of 9.4 [24] sim ilar to that norm ally prevailing for good 
poly -U  preparations. The behaviour of th is sam ple of p o ly -F U  w as practically  
identical w ith  that of ours.
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Fig. 1 Fig. 2

Fig. 1. С о т р іех  form ation betw een  poly-F U  and poly-A  in SSC at 25° and pH 6 - 7 .  
Increasing concentrations of one polym er are added to a solution of the other 
and the decrease in extinction  from  the expected  arithm etic sum  noted. М а х іт и т  
decrease in extinction  (263 т ц , A.max. for со т р іе х ) occurs at ratio of poly-FU :

p o ly -A  of 1 : 1 .

Fig. 2. V ariation w ith  tem peraturę of extinction  at 263 т ц  of 1:1 с о т р іе х  of 
p o ly -F U + p o ly -A  in SSC at pH 6 or pH 7. M id-point of transition of tem peraturę

profile, T is at 55®

Fig. 4Fig. 3

Fig. 3. A bsorption spectrum  in SSC, pH 6 or 7, of tw in-stranded  с о т р іе х  of 
poly-FU  +  p o ly -A  at 25° and at 65° w here the h elix  is fu lly  dissociated. Note 
Łypochromicity of со т р іе х , w ith  respect to d issociated form, at w avelengths to red  

of 290 т ц  and to v io let of 230 т ц

Tig. 4. T itration curve at 25° in 0.1 м -borate buffer+0.01 м -sodium  citrate of po
ly-FU  (O ) and the 1:1 с о т р іе х  of poly-F U  +  p o ly -A  ( • ) .  The apparent pK of 
poly-FU  from  the curve is 8.3. N ote that с о т р іе х  dissociates very abruptly at pH 8.2, 
but that beyond th is pH there is no evidence for further ionization of fluorouracil 
jesidue of p o ly -F U  com ponent, as w ould  be expected  if the tw in-strands underw ent 

com plete separation at and above pH 8.2
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The absorption spectrum  of the 1 : 1  со тр іех  of poly-A w ith poly-FU 
is com pared in Fig. 3 w ith tha t for the  therm ally  dissociated form . 
As previously noted for o ther tw in-stranded  complexes [30, 35], there 
is a sm ali, but definite hypochrom icity of the  со тр іех  rela tive to the 
dissociated form  at w avelengths to the  red  of 290 т ц  and to the violet 
of 230 тіл.

Since, as m entioned above, the  fluorouracil residues in poly-FU 
titra te  w ith  a pK of 8.3, some of these residues are  in  the dissociated 
form  at pH 7. C onseąuently the fact that the  transition  profile for the  
1:1 со тр іе х  of poly-A +  poly-FU is the  sam e a t pH 6  and  7  suggests 
th a t the  dissociation of the  fluorouracil residues in the со тр іех  is 
inhibited. This m ust, of course, be due to involvem ent of the proton 
on N гз) of the  fluorouracil residues in hydrogen bonding w ith the 
adenine residues in  poly-A. The extent to w hich the fluorouracil 
residues a re  prevented  from  dissociating in  the  tw in-stranded  со тр іе х  
is dem onstrated  in Fig. 4, which exhibits the  “titra tio n ” curve for a 1:1 
с о тр іе х  of po ly-A + poly-FU. It w ill be observed from th e  figurę that 
the tw in-stranded  helix  is fu lly  stab le a t room  tem peratu rę  up to a pH 
of 8.15, w here a sudden break  occurs followed by the  rap id  dissociation 
of the  helical s tru c tu re  оѵег a very  narrow  pH rangę of 8.15-8.30. 
The “titra tio n ” curve is com pletely reversible, the  со тр іех  reform ing 
once m ore as the  pH is reduced.

The titra tion  curve for the  fluorouracil residues in  poly-FU alone 
is also represen ted  in Fig. 4, and  dem onstrates even m ore strik ing ly  
the ex ten t to which со тр іех  form ation inhibits ionization of these 
residues up to pH 8.2. N onetheless the  “titra tio n ” curve for the  
со тр іех  is som ew hat anomalous. If the  sudden increase in absorption 
of the  с о тр іе х  a t pH 8.2 corresponds, in fact, to a separation of the  
tw in  strands, a fu rth e r increase in  pH should resu lt in  the ionization 
of the  rem aining 50% of th e  fluorouracil residues of the poly-FU 
component, sińce only about 50% are  dissociated a t pH 8.3. Hence, in 
place of the  p lateau  observed beyond pH 8.3, w e should expect the  
curve to  slope downwards. The failure  to observe such a dow nw ard 
slope, even to a pH as high as 11, suggests th a t the  tw in  strands m ay 
not have undergone complete separation. An exactly  analogous beha- 
viour is exhibited by the 1:1 со тр іех  of po ly-A -fpoly-U  [cf. ref. 33], 
which dissociates a t pH ^ 1 0 .

The behaviour of the  poly-A +  poly-FU tw in -strand  is quan tita tively  
sim ilar to  tha t for o ther tw in-stranded  polynucleotide helices [33, 28]. 
Q uantitatively, on the  o ther hand, the  pH for с о тр іе х  dissociation is 
considerably lower than  th a t for poly-A  +  poly-U, in  agreem ent with the  
low er pK  of the  fluorouracil residues in  poly-FU (pK 8.3) as compared 
to tha t of the uracil residues in poly-U (pK 9.6).
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Comparison w ith  other halogenated poly-uridylic acids

The findings for poly-FU are  of some in terest in relation to those of 
Michelson et al. [2 2 ] for poly-BrU and  poly-ClU. The la tte r  w ere 
observed to form  trip le-stranded  (2:1) complexes w ith poly-A  in 
0.01 м-am m onium  a c e ta te + 0.001 M-MgCl2 and some prelim inary  m easure- 
m ents indicated th a t these possessed a higher tem pera tu rę  stab ility  
th an  the  corresponding 1:2 со тр іех  of po ly -A +  poly-U.

The foregoing prom pted us to m ake some provisional com parative 
m easurem ents on sam ples of poly-BrU and  poly-ClU k ind ly  supplied 
by Dr. A. M. M ichelson. In 0.0lM-MgCl2, both of these polym ers exhibit 
very  broad tem pera tu rę  profiles extending over room tem pera tu rę  and 
indicative of the  presence of a m oderate degree of secondary s tru c tu re  
up to about 350 . 3

We have found that, in  SSC at neu tra l pH, each of these polym ers 
form s only a th ree-stranded  со тр іех  w ith  poly-A, w ith  fairly  sharp  
tem pera tu rę  profiles, the  respective T m values being 82° for poly-C lU +  
+  poly-A (2:1 сотр іех ) and 87° for poly-BrU + po ly -A  (2:1 сотр іех ). 
These a re  indeed rela tively  high values as com pared to  w hat m ight be 
expected for poly-U  +  poly-A (2:1 сотр іех).

To provide a m ore quantita tive  comparison, an  exam ination was 
m ade of the  tem pera tu rę  profiles for the  1:1 complexes w ith  poly-A  of 
poly-U, poly-FU and poly-BrU. Ali the  foregoing read ily  form  1:1 com - 
plexes w ith poly-A in ten-fold  d ilu ted  SSC at neu tra l pH, and  the T m 
values w ere found to be, respectively, 43°, 40° and  69°. For poly-rT , 
the  T m value of its 1:1 со тр іе х  w ith poly-A, which is 79° in SSC, m ay 
be calculated to be 63° in ten-fold  d ilu ted  SSC.

DISCUSSION

Bearing in m ind the provisional findings reported  above for poly-ClU 
and poly-BrU, it  seems ra th e r difficult to in te rp re t in term s of hydrogen 
bonding the  fact th a t poly-FU possesses a lower degree of secondary 
s tru c tu re  than  poly-U and  tha t its 1:1 со тр іе х  w ith  poly-A is som ew hat 
less stable than  tha t of poly-U  w ith poly-A.

Tw in-stranded poly-dA -dBrU (alternating seąuence) has been found 
to be m ore stable, in  Iow ionic s treng th  medium, than  the  corresponding 
poly-dA-^dT (alternating  seąuence), the  T m for th e  form  er being 9° 
higher [14]. This is in reasonably  good agreem ent with our own findings

3 In estim ating the residual hyperchrom icity of these hom opolym ers, M ichelson  
et al. [22] reported that considerable variations w ere encountered in the m easured  
values. Such variations w ould  be expected  in the absence of tem peraturę control 
during absorption m easurem ents sińce, in v iew  of the ex istence of a tem peraturę  
profile in the neighbourhood of room tem peraturę, the extinction  of the polym er  
prior to hydrolysis is a function of tem peraturę (cf. analogous situation for p o ly -rT  
[10,32,35]).
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for po ly -A +  poly-BrU  and poly-A +  poly-rT  a t Iow ionic streng th  w here 
1:1 complexes a re  formed, the  T m for the  form er under these conditions 
being 6 ° higher. Inm an & Baldwin [14] have proposed tha t the  greater 
s tab ility  of the  brom inated polymers is due to the  influence of the 
electronegative Br substituen t on the  proton donor and  acceptor abilities 
■of the  N(3) and  0 (4) positions, respectively, of the  uracil rings; th is 
explanation is, however, open to some doubt. W hile a sim ilar argum ent 
form ulated  by the sam e authors [14] to account for th e  increased stab ility  
of poly-dG +  poly-BrC as com pared to poly^dG +  poly-dC [26] appears to 
be m ore convincing, th is line of reasoning is d ifficu lt to reconcile w ith 
th e  behaviour of poly-FU, w here the influence of th e  electronegative F 
substituen t is m uch m ore pronounced and in  the  reverse  sense. If, in 
-addition, w e recall the  rem arkable  increase in stab ility  of po ly -rT +  
+  poly-A, as com pared to poly-U +  poly-A (Tm of form er 20° higher 
th an  latter), for which no in terp re ta tion  based on such a line of reasoning 
m ay  be invoked, it becomes elear tha t hydrogen bonding betw een base 
pairs is inadeąuate  to account for the  stab ility  of polynucleotide helices. 
M ention should also be m ade of the fact tha t the  d ifference in T m values 
betw een poly-dAndBrU and poly-dA-dT disappears a t high ionic s treng th , 
th u s  fu rth e r invalidating any  explanation for this d ifference in  term s of 
hydrogen  bonding properties alone.

Following form ulation of the W atson-Crick [4] s tru e tu re  for DNA as 
-a tw in-stranded  helix  w ith base pairing via hydrogen bonds, it was 
perhaps not surprising  th a t the implicit assum ption arose tha t the  hydro
gen bonds betw een base pairs provided the  forces necessary for m ain ten- 
-ance of the  helix strue tu re . This conception was in  particu lar reinforced 
by the observation of M arm ur & Doty [19] th a t the  therm al s tab ility  
o f a DNA helix was a function of its  G-C (or A-T) base pair content. 
Since, as pointed out by Pauling & Corey [25], th e  G-C base pair can 
form  th ree  hydrogen bonds as against two for th e  A-T base pair, it 
appeared  logical to conclude that a higher G-C content should im part 
g rea te r stability , as was found to be th e  case by M arm ur & Doty [19] 
for both na tu ra l and  synthetic tw in-stranded  polynucleotide helices. The 
view  also prevailed for some tim e that the  hypochrom icity of poiy- 
nucleotides was due, in large part, to the  effects of hydrogen bonding 
on  the  absorption of the  individual bases [1]. This la tte r  postu late  was 
soon show n to be incorrect [16,21,34] and, to  a considerable extent, 
s tud ies on the  origin of hypochrom icity in polynucleotides [15, 37, 27] 
provided the  stim ulus for a theoretical investigation of the  factors 
responsible for th e  degree of stab ility  of such polynucleotide helices. 
The resu lts  of these theoretical studies [5, 6 ], a lthough as yet insufficien tly  
refined, lead to the conclusion tha t hydrogen bonding contributes re la - 
tive ly  little  to stability , and th a t o ther factors m ust be involved. These 
a re  extensively enum erated by DeYoe & Tinoco [5, 6 ], the principal ones
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being considered to be electrostatic and London forces betw een the 
reg u la rly  “stacked” bases in the helix. This should not, of course, be 
in te rp re ted  as m itigating the  im portance of the  tw in-strand  hydrogen 
bonds which undoubtedly a re  a necessary p rereąu isite  for the  specifity 
reąu ired  to line up the  base pairs in  the  form ation of a helix. In any  
even t the  theoretical predictions [6 ] do not show very  good agreem ent 
w ith  experim ent, e.g. poly^dA-dBrU is expected to be m ore stable than  
the non-brom inated polym er because of the  greater polarizability of 
BrU [6 ], but, as indicated above, this is tru e  only a t Iow ionic s treng th  
[14]. It is elear th a t fu rth e r theoretical studies and  additional ехрегі- 
m ental da ta  w ill be reąu ired  in  order to fu lly  elucidate the  sources of 
helix  stability ; and  it is perhaps not out of place to  d raw  a tten tion  to 
tw o additional points.

If the  stab ility  of a polynucleotide helix w ere due largely to hydrogen 
bonding, one m ight expect an  increase in stab ility  of a helix  in  heavy 
w a te r sińce a hydrogen bond to deu terium  is in trinsically  stronger. 
However, ne ither poly-A (unpublished work from  th is laboratory), na- 
tu ra l DNA [3], nor the  tw in-stranded  со тр іех  of poly-A +  poly-U [23] 
exhib it any essential differences either in the ir tem peraturę  profiles 
o r T m values in  light and  heavy w ater. The tem pera tu rę  of inactivation 
of transform ing  DNA is a ltered  only slightly, if a t all, in  heavy w ater 
(unpublished experim ents). W hile theoretical considerations [31] indicate 
th a t it is not feasible as yet to  predict quan tita tively  the  effects of 
deuteration  on th e  helix-coil transition  in polypeptides, the  foregoing 
results argue, albeit indirectly , against hydrogen bonding as a m ajor 
factor in  the  stab ility  of polynucleotide helices.

O ther prom ising experim ental m ethods of approach have been based 
on the  use of organie solvents [9, 13] and  various electrolytes [12] for 
studying th e  n a tu rę  of the  helix-coil transition  in natu ra l nucleic acids 
under conditions in  which the  transition  m ay be reversib le or irreversible. 
The resu lts  of such investigations also provide strong evidence for parti- 
cipation of forces additional to hydrogen bonding in m aintenance of helix 
stability ; in addition they  emphasize the significant role of the solvent 
itself. The application of these procedures to  synthetic polym ers, such 
as those employed in  th e  foregoing investigation, m ight be expected 
to facilita te  an  in te rp re ta tion  of the  results. Such studies are under 
way in th is  laboratory.

EXPERIMENTAL

A H ilger Uvispek and  a Unicam SP-500 w ere used for spectral m ea
surem ents. T em peraturę profiles for the  various polym ers w ere ru n  on 
the H ilger instrum ent, eąuipped w ith  a specially constructed th ree- 
-cuvette  com partm ent błock, the  tem pera tu rę  of which w as varied  a t
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will by m eans of a curren t of w ater or w ater-g lycerine m ix tures from 
a Hoepler u ltra therm ostat. T em peraturę  m easurem ents w ere stamdardized 
against those of the  therm ostat by m eans of copper-constantan therm o- 
couples. Chrom atographic data  w ere obtained as indicated in  Table 1 .

T a b l e  1

R f values of various uridine derivatives
A scending chrom atography, W hatm an paper no. 1. Solvents: (A), Ethanol - 1 м -аш - 
monium  acetate (5:2, v/v); (B), propan-2-ol -1 %  am m onium  sulphate (3:2, v/v); 
(C), propan-2-ol - N H 4OH (d-0.88) - w ater (7:1:2, by vol.); (D), butanol saturated

w ith 0.2 N-HCI.

Compound
r f in solvent system

A В С D

Uridine 0.72 _ 0.50 0.23
5-Fluorouridine 0.73 — 0.50 0.47
2' : 3'-0-Isopropylidene-5-fluorouridine 0.95 — 0.87
5-Fluorouridine-5'-phosphate 0,27 0.52 0.19 0.22
Uridine-5'-phosphate 0.25 0.50 0.18 0.19
Uridine-5'-pyrophosphate 0.10 0.38 — —
5-Fluorouridine-5'-pyrophosphate 0.12 0.42 — — 1

2 :3 -Isopropylidene-5-fluorouridine. This was p repared  from  5-fluoro- 
uridine as described by Levene & Tipson [17] for the  analogous derivative 
of uridine. The yield w as essentially quan tita tive  and, following recrys- 
tallization from  ethyl acetate  „by addition of petro leum  ether (40 - 60°), 
the  compound m elted a t 177 - 178°. For C1 2 H 1 50 6 N2 F: calculated  N, 9.27%, 
determ ined N, 9.12%.

5-Fluorouridine-5'-phosphate. The foregoing com pound was phospho- 
ry lated  w ith  //-cyanoethylphosphate as described by Tener [36], the  
reaction being essentially quantitative. Following гетоѵ аі of the cyano- 
ethyl group in 0.5 N -N a O H  at 100° for 40 min., the  isopropylidene group 
was rem oved by hydrolysis in 1 n-HCI at 100° for 30 min. The fluoro- 
urid ine-5 '-phosphate was isolated as the calcium salt [20] and  purified  
by th ree  precipitations w ith ethanol from  aqueous solution. It was chro
m atographically homogeneous in solvents A  and  В  and gave a positive 
periodate reaction and, under the  influence of snake ѵ епот, was q u an ti- 
tatively  transform ed to fluorouridine.

5-Fluorouridine-5'-pyrophosphate. 95 mg. of th e  calcium  salt of 
F-UM P (0.25 т м )  was dissolved in w ater and  the  calcium  rem oved by 
m eans of Dowex-50-H+. The solution w as concentrated to sm ali volum e 
and the  rem aining w ater rem oved by azeotropic d istillation  w ith  w a te r 
and benzene. The residue was then  transform ed to the m ono-(tri-n-octy l- 
amine) salt and  phosphorylated w ith  an excess of dibenzylphospho- 
chloridate [20, 34]. The F-UD P was then isolated as the  calcium  salt,
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freed  from  traces of F-UM P and inorganic phosphate by two precipita- 
tions w ith ethanol from  acid (pH 2.5 - 3.0) aąueous medium, and  trans- 
form ed to th e  sodium  salt by means of Dowex-50-Na+. The yield was 
85 mg. by weight and, spectrally  (^max 269 т ц  and  emax 9.2 X 103 as for 
fluorourid ine at pH 5 [2]) 60 mg., which corresponds to the form uła 
CgH1oOi2 N2|P 2 FNa3 • 2H2 0 , the  оѵегаіі yield thus being 62%. The product 
was chrom atographically  homogeneous in solvents A  and B, gave a posi- 
tive periodate reaction  and  was quan tita tively  hydrolysed by snake 
ѵ е п о т  to fluorouridine. It was aetive as a substra te  of polynucleotide 
phosphorylase.

Poly-FU. The enzymie synthesis of poly-FU was carried* out as des
cribed by  G runberg-M anago et al. [1 1 , cf. 35], but it was found necessary 
to  increase the  MgCl2 concentration from  2.5 т м  to  10 т м  in  order to 
obtain  a  reasonable yield of polym er (28 - 32%), which was tw ice preci- 
p ita ted  w ith  ethanol, dialysed for 24 h r. a t 3° against 0.005 м-NaCl and 
stored  in  aqueous m edium  in  the  deep-freeze.

The polym er was qu ite  stab le  in aqueous medium, and did not 
undergo degradation such as frequently  encountered with preparations 
of poly-rT [35] and poly-C [39].

Secondary structure. This and  complexing ability  w ith poly-A, etc. 
w ere exam ined by standard  m ethods as preyiously described [38, 28, 34].

We are  indebted to Dr. R. Duschinsky and Hoffm an-LaRoche for 
a generous sam ple of 5-fluorouridine; to Dr. A. M. Michelson for poly-ClU 
and  poly-BrU; to  Dr. M ariannę G runberg-M anago for a sam ple of poly
nucleotide phosphorylase; to M. Swierkowski for assistance w ith  the 
Chemical syntheses and  to Mrs. M aria Dutkowska for her excellent 
technical help. We a re  especially gratefu l to Prof. J. H eller for his 
constant in terest and encouragem ent in the present and  rela ted  inves- 
tigations.

SUMMARY

Poly-5-fluorouridylic (poly-FU) acid has been prepared, and found 
to exist as a random  coil at room tem peraturę. In  0.01 м-m agnesium  
chloride it exhibits som e secondary s tru c tu re  below 5°. Poly-FU form s 
a tw in-stranded  со тр іе х  with poly-A in 0.15 м-N aC l+  0.015 м-sodium 
citrate  the  resu lting  helix being only slightly  less stable than  tha t form ed 
betw een poly-U and  poly-A. In 0.1 м-borate  buffer the  poly-FU + poly-A  
helix dissociates reversib ly  at pH 8.2 as com pared to  pH 9.5 for the 
corresponding poly-U +  poly-A helix, in  agreem ent w ith  the  lower pK 
for dissociation of fluorouracil as compared to uraeil residues.

Both poly-ClU and poly-BrU exhibit secondary s tru c tu re  at room 
tem peratu rę  and, in 0.15M-NaCl, form  only trip le-stranded  complexes

Ш 1
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w ith poly-A. In 0.015 м -NaCl, they form tw in-stranded  complexes w ith 
poly-A; and the poly-BrU + po ly -A  tw in-strand  is m ore stab le  than  those 
form ed by poly-A .with e ither poly-U, poly-FU or poly-rT.

The results are  discussed in relation to the  factors conferring stab ility  
o.n tw in-stranded  helical poly-nucleotides.
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OTRZYMYW ANIE KW ASU POLI-5-FLUOROURYDYLOW EGO, W ŁAŚCIW O ŚCI 
5-CHLOROWCOPOCHODNYCH KW ASU POLI-URYDYLOW EGO  

I ICH KOMPLEKSÓW Z KWASEM POLI-ADENYLOW YM

S t r e s z c z e n i e
Przeprowadzono syntezę kw asu poli-5-fluorourydylow ego (poli-FU ) i stw ier 

dzono, że w  pokojow ej tem peraturze w  0.01 M-MgCl2 nie posiada on struktury dru- 
gorzędow ej, a w  tem peraturze poniżej 5° w ykazuje pew ien  stopień uporządkowania, 
łańcucha. P oli-F U  w  0.15 M-NaCl +  0.015 м -cytryn ian ie sodow ym  tw orzy d w u łań - 
cuchow y heliks z kw asem  poli-adenylow ym , nieznacznie m niej trw ały  od p o w sta 
jącego pom iędzy poli-U  i poli-A . W 0.1 м buforze boranow ym  kom pleks p o li-F U  +  
+ p o li-A  dysocjuje odw racalnie w  pH 8.2. A nalogiczna w artość dla kom pleksu  
p o li-A + p oli-U  w ynosi 9.5; różnica ta jest zgodna z niższą w artością pK 5-flu oro-  
uracylu w  porów naniu z uracylem .

K w asy poli-5-ch lorourydylow y (poli-ClU) i poli-5-brom ourydylow y (poli-BrU ) 
w ykazują obecność struktury drugorzędowej w  0.01 M-MgCl2 w  pobliżu tem pera
tury pokojow ej, a w  0.15 м -N aCl tw orzą z po li-A  kom pleksy trójłańcuchow e. 
W 0.015 м-N aCl tw orzą kom pleksy dw ułańcuchow e z poli-A . Stw ierdzono, że po
dw ójny łańcuch p o li-B rU + p o li-A  jest trw alszy niż odpow iednie kom pleksy za w ie 
rające kw asy poli-uryd ylow y, po li-5-fluorourydylow y i po li-rybotym idylow y.

W ynik? przedyskutow ano z punktu w idzenia czynników  stab ilizujących  d w u -  
łańcuchow ą strukturę polinukleotydów .

R eceived 17 D ecem ber 1962
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THE TRANSFER OF THE PHOSPHORIC ESTER 
OF /V,A-DIETHYLAMINOETHANOL FROM ITS CYTIDYLYL 

DERIVATIVE INTO PHOSPHOLIPIDS OF RAT AND CHICKEN 
TISSUE HOMOGENATES

In s t i tu te  of B iochem istry  and Biophysics, Polish A ca d em y  of Sciences, W arszaw a

The in vivo  form ation of lecithin analogues containing “u n n a tu ra l” 
bases o ther than  cholinę has been reported. W hen arsenocholine [19] 
and triethylam inoethanol [16] w ere adm in istra ted  orally  to ra ts  these 
'‘u n n a tu ra l” bases w ere found in  the  phospholipid fraction. The in vivo  
incorporation of 2-am ino-2-m ethyl-propan-l-o l [14] and of trim ethy l- 
am inopropan-2-ol [3] in to  phospholipids has also been described. This 
could be the  resu lt of an exchange reaction sim ilar to the  m echanism  
of incorporation of free cholinę into lecithin described by Dils & Hiib- 
scher [7], or the incorporation of an “u n n a tu ra l” base could be explained 
by Iow specificity of the enzymes catalysing the reactions of the  cyti- 
dine-dependent pathw ay [11] of phospholipid form ation. The description 
given by Kennedy [11] indicated tha t two enzymes, ethanolam inephos- 
phate  cy tidy ly ltransferase  (ЕС 2.7.7.14) and chotinephosphate cyti- 
dy ly ltransferase  (ЕС 2.7.7.15), catalyse the form ation of cytidine 
diphosphate ethanolam ine and cytidine diphosphate cho linę i. This 
im plicates the ir specificity for phosphorylethanolam ine and for phos- 
phorylcholine, respectively. However, Ansell & Chojnacki [1] found tha t 
the next step  in the  reaction chain, i.e. the  tran sfe r of the phosphorylated 
bases onto diglycerides catalysed by ethanolam inephosphotransferase 
(ЕС 2.7.8.1) and cholinephosphotransferase (ЕС 2.7.8 .2), was not so speci
fic. W hen nam ely the  mono- o r dim ethylam inoethanol phosphates w ere 
coupled w ith  CMP they w ere used for phospholipid biosynthesis at the  
sam e ra te s  as CM P-PC or cytidine diphosphate ethanolam ine [1]. This m ay 
be considered as due to a lack of specificity of the respective enzymes. 
However, the presence of N -m onom ethylated and N,IV-dimethylated an a 
logues of phosphatidylethanolam ine in a m utan t of Neurospora crassa 
and in Ііѵег tissue, described by Wolf & Nyc [20] and Brem er & Green- 
berg [4 ], could suggest another possibility, viz. of the presence of enzymes

1 A bbreviations used: CMP, cytid ine-5'-m onophosphoric acid; CMP-PC, cytidine  
diphosphate cholinę; CM P-PDEAE, cytidine diphosphate N ,N -diethylam inoethanol; 
DEAE, N ,lV -diethylam inoethanol; PC, phosphorylcholine; PDEAE, N ,IV-diethylam i- 
noethanol phosphate.
8 [233]http://rcin.org.pl
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specifically transferring  N-m onom ethylam inoethanol phosphate and  
N ,N-dim et’hylam inoethanol phosphate from their CMP derivatives onto 
diglycerides.

In the  present study  an a ttem pt was m ade to replace the  n a tu ra l 
bases of phospholipids by N,N-diethylam inoethanol (DEAE) which as 
fa r  as we a re  aw are has not been reported  to be a na tu ra l constituent 
of phospholipids. The incorporation of th is “u n n a tu ra l” base was achieved 
by incubating tissue hom ogenates w ith  the chem ically synthetised  3 3 P -la - 
belled cytidine di phosphate N , N -di et hy  la m i noeth a nol (CMP-3 2 PDEAE). 
The procedures of isolating the “u n n a tu ra l” DEAE-containing phospho- 
lipid are  also described.

MATERIALS AND METHODS

Animals. Albino ra ts  6  w eeks old and chickens 3 - 4  m onths old w ere 
used. The 20% tissue hom ogenates w ere prepared in a Po tter-E lveh jem  
hom ogenizer in  a m edium  consisting of 10 parts  of 0.154 м-KCl and  
3 p a rts  0.154 м-NaF. The grey m atte r  of ra t b ra in  w as obtained  by 
cutting  off the surface parts of the  haem ispheres.

Special reagents. 3 2P-Labelled phosphoric acid of French origin was 
d istribu ted  by N uclear Research Institu te, W arszawa; CMP, Sigma, USA; 
dicyclo’hexylcarbodiim ide, BDH, London; N ,N -diethylam inoethanol, BDH, 
red istilled  (b.p. 161 - 162°); alum inum  oxide, B rockm an activ ity  2, was 
Savory & Moore (Great Britain) product.

Assay of phosphorus and 3 2P. Phosphorus w as assayed according to  
S trick land  et al. [17], and  the am ount of 32P  w ith  a VA-Z 410 ѴЕВ 
V acutronic liąuid  counter.

Chemical syntheses of 32P-labelled compounds

CM P-32PDEAE. This synthesis involved two steps: th e  synthesis of 
33P-labelled phosphoric ester of DEAE and the  coupling w ith  CMP in  
the presence of dicyclohexylcarbodiim ide by the m ethod of K ennedy [12]. 
The [3 2P]N ,N -diethylam inoethanol phosphate (32PDEAE) was obtained 
by heating eąuim olar am ounts of DEAE and H3 3 2P 0 4 in th e  presence 
of P 2 O5 a t 130° under redueed pressure for 6  hr. Then the reaction 
m ix tu re  was dissolved in  w ater, heated  for 15 min. a t 100°, neutralized  
to pH 8 , and  the  ester adsorbed on Dowex 1 form ate column. Then the 
colurrm was w ashed w ith w ater and 3̂ PDEAE w as elu ted  w ith 
0.05 m-HCOOH. The yield of the  synthesis was about 5%. As revealed 
by paper chrom atography in d ifferen t solvents the  obtained 32PDEAE 
was identical w ith  the standard  compound syn thetised  in th is laboratory  
from  DEAE and POCl3.

To 15fi.moles of 32PDEAE and an eąuim olar am ount of CMP, 0.1 ml. 
of w ater, 0.7 ml. of pyridine, and  150 mg. of dicyclohexylcarbodiim ide
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w ere added, and  the m ix tu re  left for th ree  days a t 37°. The semisolid 
reaction m ix ture  was then  m ixed w ith 10 ml. of w ater, w ashed w ith  
e th y l ether, the  low er aąueous phase a fte r  filtra tion  was again w ashed 
tw ice w ith ether, and the tracę of e ther rem oved in ѵасио. The solution 
was neutralized to pH 8, d ilu ted  to  100 ml. and passed th rough  the 
Dowex 1 form ate colum n (10 X 1.2 cm.). E lution was m ade by concentra
tion gradient of HCOOH (300 ml. of w ater in  the  m ixing cham ber, 
300 ml. of 0.04 м-HCOOH in the reservoir). Fractions of 10 ml. w ere 
collected and the ir 3̂ P contents and extinctions a t 280 т ц  w ere estim ated. 
The first and  th e  th ird  peaks (Fig. 1) contained the  unreacted 32PDEAE

Fig. 1. Colum n chrom atography of the products of the reaction of CMP w ith  
[S2P]N ,N -d iethylam inoethanol phosphate in the presence of dicyclohexylcarbodiim ide.
The elu tion  w as m ade by concentration gradient of form ie acid. (------------ ),
Counts/m in., (------------ ), E28o- Peak h  [32P ]N ,N -d iethylam inoethanol phosphate;

peak 2, cytid ine diphosphate N ,N -diethylam inoethanol; peak 3, CMP
http://rcin.org.pl
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and CMP, respectively. The second peak containing CM P-32PDEAE 
elu ted  betw een 90 - 120 ml. of effluent showed th e  ratio  of cytidine to 
phosphorus 1:1.89 (calculated 1:2) ,  and the  ra tio  of its  specific 
activ ity  (counts/min./]xmole P) to that of free 32PDEAE w as 0.53 (calcu
lated  0.5). On acid hydrolysis (1 hr., 100°, 1 n -HCI) it was decomposed 
sim ilarly  to the  synthetic  (see below) CM P-32PC with th e  form ation 
of CMP and 33PDEAE (Fig. 2). The fraction from  the colum n containing 
CM P-32PDEAE was evaporated to dryness a t room  tem peratu rę , the

Fig. 2. A utoradiogram  of paper chrom atogram  
of CM P-32PC and C M P-32PDEAE (1) before and
(2) after acid hydrolysis (1 n -HCI, 1 hr.). The
ascending techniąue w as used w ith  the m ixture: 
propan-2-ol, 75 ml.; w ater, 25 ml.; trichloroacetic  
acid, 5 g.; conc. am m onia (d2o =  0.895) 0.3 ml.
[8]. (A), CM P-32PC; (B), C M P-32PDEAE; (C), 

32PDEAE

residue dissolved in a sm ali volum e of w ater, neu tralized  to pH 7,
centrifuged to discard th e  rem aining finest particles of the  resin  and
dilu ted  w ith  w ater to the  concentration of 0.5 м то іе  per ml. The specific 
actiy ity  of CM P-32PDEAE was 4.5 X 104 counts/min./pm ole.

CM P-32PC. This synthesis was perform ed from  32PC obtained 
according to Riley [18] and  CMP in the presence of dicyclohexylcarbodi- 
im ide by the  m ethod of K ennedy [12]. The specific actiy ity  of CM P-32PC 
was 8.8 X 105 counts/min./irmole.

The labelled nucleotides w ere kept as Solutions at 0° w ithout any  
detectable decomposition during  6 weeks.

RESULTS AND DISCUSSION

In Table 1 the 32P  incorporation from  CM P-32PDEAE and from  
CM P-32PC into phospholipids of d ifferen t tissue hom ogenates in  l-'hr. 
experim ents (one for each tissue) a re  given. The incorporation of 32P  
into phospholipids was very  high, it can therefore  be considered as the  
up take of the  whole m olecule of phosphorylated base. In chicken Ііѵег 
w here the highest incorporation was found, 0.29 pm ole of phospholipid 
was form ed from  0.5 ц т о іе  CM P-32PDEAE, and 0.26 м-тоіе from  
0.5 um ole CM P-^PC, per gram  of tissue per hour. Howeyer, in these 
experim ents no net increase of phospholipid phosphorus could be shown, 
sińce a large am ount of lipid phosphorus was a lready  present in tissue 
hom ogenate ( l g .  of chicken Ііѵег contained about 30 um oles of lipid 
phosphorus). In ra t tissues the  incorporation of 32P into phospholipids 
from  CM P-32PDEAE was about 30 - 40% lower than  that from  CM P-32PC.
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To evaluate the effect of a possible d ifference in the decomposition 
ra te  of CM'P-32PDEAE and  CM P-32PC in ra t tissues on the incorporation 
of 32P  in to  phospholipids, the  am ount of the  rem aining, non-incorporated 
su b stra te  was estim ated at the  end of 1-hr. incubation. The trichloro- 
acetic acid filtra te  was treated  with charcoal, and the radioactivity  of 
th e  adsorbed nucleotide was estim ated. In ra t b rain  58% of the  radio- 
activ ity  present in  trichloroacetic acid f iltra te  w as in the  nucleotide 
form  in  the case of CM P-32PDEAE. The corresponding value for 
CM P-32PC was 64°/o. Thus the effect of d ifferen t decomposition ra tes  
was negligible. In ra t  Ііѵег both compounds w ere decomposed m ore 
rapidly, and  a fte r  one hour only traces of radioactivity  w ere adsorbed 
on charcoal.

T a b l e  1

The incorporation of 32P from CMP-^-PDEAE and from CMP-^-PC into 
phospholipids of tissue homogenates

Each incubation sam ple contained 100 mg. of hom ogenized tissue in a m edium  
containing: 0.0316 m-KCI; 0.0095 м-NaF; 0.02 M-MgCl2; 0.004 M-Na2H P 0 4; 0.0266 
м -tris - HC1 buffer, pH 7.4; CMP-',2PDEAE, 0.05 pm ole, or CM P-32PC, 0.05 pmole, 
w ere added as indicated. The finał volum e of incubate w as 1.5 ml. Incubation  
period 1 hr. at 37°. The phospholipids w ere extracted  aecording to Folch [9] and 

the radioactiyity w as m easured as described in M ethods.

CMP-32PDEAE added CMP-32PC added

Tissue homogenate 32P incorpo- 
rated

Total lipid P 
extracted

32р ІПСО ГРО-

rated
Total lipid P 

extracted

(%) ( p g - ) (%) ( p g . )

Rat brain (grey matter) 16.1 105 23.8 90

Rat Ііѵег 23.6 88 40.0 90

\ Chicken Ііѵег 58.5 86 53.5 86

To obtain  an  am ount of the expected “u n n a tu ra l” phospholipid 
sufficient for analytical purposes, the radioactive phospholipids form ed 
from CM P-32PDEAE obtained by the incubation of hom ogenate from  
0.5 g. of ra t  Ііѵег, were chrom atographed on a colum n of alum inum  
oxide using chloroform  - m ethanol (1 :1 , v/v) m ix tu re  w ith  increasing 
concentrations of w ater [13] (Fig. 3). In the  first peak eluted w ith the  sole 
chloroform - m ethanol (1 : 1, v/v) m ixture, which sho.wed only  slight 
radioactivity, choline-containing lipids w ere also present. The seeond 
peak, w hich was the  m ain radioactive peak, w as elu ted  with chloroform  - 
-m ethano l m ixture  (1:1,  v/v) containing 1 - 3 %  of w ater. This w as 
sim ilar to  the  elution of phosphatidyl N ,N -dim ethylam inoet’hanol [21. 
On paper chrom atography aecording to M arinetti [15] the  radioactive 
m aterials of these two peaks moved as single spots free from any o ther
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m ateria ł stained w ith  rhodam ine (Fig. 4). The radioactive phospholipids 
form ed in ra t Ііѵег hom ogenate from CM P-32PDEAE w ere  converted to 
the  w ater-soluble derivatives on m ild a lkaline hydrolysis [5]. The 
labelled w ater-soluble m ateriał was then  separated  from o ther phos- 
phorus compounds of the  hydrolysate by two-dim ensional chrom ato- 
g raphy  according to Dawson [6]. It moved as a  single spot, and had 
identical R F as glycerylphosphorylcholine in the  phenol - amm onia sol-

Fig. 3. C hrom atography on alum inum  oxide of the lipids obtained after the incu
bation of rat Ііѵег hom ogenate w ith  CM P-32PDEAE. An am ount of lipid corres- 
ponding to 0.5 g. of fresh tissue w as applied to a 5 g. colum n (0.8 X 12 cm.) and 

the elution carried out in a step -w ise  fashion. (+) ,  Counts/m in.; ( • ) ,  pg. P

vent, but had a higher R F in the second solvent composed of tert. 
butanol - w ater - trichloroacetic acid (Fig. 5). Since the chrom atography 
of in tact phospholipids on the  alum inum  oxide colum n has show n the 
presence of two radioactive peaks, w e assum e that the  second, i.e. the 
m ain one is due  to the  phosphatidyl N ,N -diethylam inoethanol, and the 
first one, sm aller, could be due to the  pro duet form ed by the  m ethylation 
of phosphatidyl N,N -diethylam inoethanol according to the m echanism  
proposed by B rem er & G reenberg [4]. The w ater-soluble derivatives of 
phosphatidyl N ,N -diethylam inoethanol and  of its  m ethylated  form  could 
not be separated  by the  m ethod of Dawson [5, 6].
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Fig. 4. A utoradiogram  (scheme) of radioactive phospholipids form ed from  CM P- 
-32PDEAE in rat Ііѵег hom ogenate. Chrom atography on silicie acid paper w as  
performed w ith  the m ixture of d iisobutylketone - acetic a c id -w a te r  (40:20:3, by  
vol.) [15]. The hatched areas represent the position of radioactive m ateriał, the rhod- 
am ine-positive spots are marked w ith  pencil. (1), Phospholipids eluted from  a lu m i-  
nurr. oxide colum n w ith  the m ixture of chloroform  - m ethanol (1:1); (2), phospho
lipids eluted from  alum inum  oxide colum n w ith  the m ixture of chloroform  - m etha

nol (1:1), containing 1 - 3°/o of w ater (Fig. 3)

Fig 5. A utoradiogram  (scheme) of a tw o-d im ensional chrom atogram  of an alkaline  
hycrolysate [5] of the lipids of rat Ііѵег hom ogenate ineubated w ith  CM P-32PDEAE. 
Deiaik of the incubation as in Table 1. The fo llow ing  solvent system s w ere  
ermloyed: 7, phenol - w ater -  conc. am m onia, d2o =  0.895 (80:20:0.3, w /v/v); II, tr i-  
chbroacetic acid (10%>, w /v) in 2-m ethylpropan-2-ol - w ater (62:38, v /v) [6]. The 
hafched area represents the radioactive m ateriał. The phosphorus-containing spots,
(1), gljcerylphosphorylcholine, (2), glycerylphosphorylethanolam ine, and others w ere  

localized w ith  acid m olybdate spray [10] and m arked w ith  pencil
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From  the experim ents presented in this paper it can be seen that 
in tissue hom ogenates the transfer of phosphorylated base residue from 
CDP compound for the  phospholipid synthesis is not restric ted  to 
phosphorylcholine and phosphorylethanolam ine as postulated by K enne
dy [11]. The fact of the incorporation of “u n n a tu ra l” bases into phos
pholipids can be e ither the resu lt of Iow specificity of the respective 
transferases o r the resu lt of the  presence of o ther specific enzymes. 
In the  form er case the  restric ted  na tu ra l potencies in phospholipid 
synthesis could be explained by higher specificity of enzymes form ing 
CMP derivatives.

The use of a phosphorylated base coupled w ith CMP m ay provide 
a very  efficient m ethod for the in vitro  biosynthesis of various phos- 
pholipids, which could be also applied for preparing phospholipid 
analogues on a larger scalę.

SUMMARY

The Chemical synthesis of cytidine diphosphate N,N-diethylamino<- 
ethanol (CMP-PDEAE) is described.

The form ation of phospholipids from  CM P-PDEAE in chicken Иѵет 
hom ogenate was as effective as from  cytidine diphosphate cholinę; im 
ra t brain  and Ііѵег hom ogenates it was by 30 - 40°/o less than  f r om 
cytidine d iphosphate cholinę. The phospholipids form ed from  CM P’- 
-PDEAE w ere isolated by chrom atographic procedures.
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PRZENOSZENIE ESTRU FOSFOROWEGO N,N-DW UETYLO AMINOET AN OLU 
Z POCHODNEJ CYTYDYLOWEJ DO FOSFOLIPIDÓW  W HOMOGENATACH  

TKANEK SZCZURA I KURCZĘCIA

S t r e s z c z e n i e
Przeprow adzono syntezę chem iczną cytyd ynodw ufosfo-N ,N -dw uetyloam ino~  

etanolu (CM P-PDEAE). Z w iązek ten okazał się rów nie efek tyw nym  jak cytydyno- 
dw ufosfocholina dla biosyntezy fosfolip idów  w  hom ogenacie w ątroby kurczęcia. 
W hom ogenatach w ątroby i mózgu szczura pow staw anie fosfolip idów  z C M P- 
-PDEAE było o 30 - 40% m niejsze niż z cytydynodw ufosfocholiny. Fosfolip idy  
pow stające w  hom ogenatach tkanek z CM P-PDEAE w ydzielono m etodam i chro
m atograficznym i.

R eceiyed 28 D ecem ber 1962.
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