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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  

V ol. 17 1970 N o. 1

A N N A  M A Z A N O W S K A  and A . M. D A N C E W IC Z

THE ROLE OF LIPIDS IN FERROCHELATASE АСТІѴІТУ

D epartm ent o f  R adiubiology and H ealth Protection, Institute o f  Nuclear Research, ul. Dorodna 16,
W arszawa 91

1. Ferrochelatase (protohaem  ferro-lyase, ЕС 4 .99.1 .1) activity in rat Ііѵег m ito- 
chondria extracts o f  Iow specific activity is stim ulated by crude lipid extracts, neutral 
lipids, phosphatidylethanolam ine and acidic phospholipids. 2. The inhibitory effect 
o f  album in on ferrochelatase could be partially о ѵ егсо те  by lipids or long chain  
fatty acids. 3. Peroxide-containing lipids lost their ability to stim ulate the activity  
o f  ferrochelatase preparations o f  Iow specific activity. O xidation o f  m itochondrial 
lipids to peroxides led to inactivation o f  the enzym e.

The involvement o f lipids in catalytic activity of ferrochelatase (protohaem  
ferro-lyase, ЕС 4.99.1.1) has been suggested by Yoshikawa & Yoneyama (1964) 
and by M azanowska, Neuberger & Tait (1966). Some observations made in our 
Laboratory during studies on the isolation and purification of the enzyme were also 
in agreem ent with this suggestion (M azanowska, Dancewicz, M alinowska & K o
walski, 1969). The present com m unication dem onstrates that lipids are reąuired 
for ferrochelatase activity and that changes in the lipid com ponent of the enzyme 
may affect its activity.

M A T E R IA L S A N D  M E T H O D S

Enzyme preparations were suspensions of m itochondria in 0.1 м-tris-HCl buffer, 
pH 8.4, or Tween 20 extracts o f rat or gninea-pig m itochondria prepared as descri- 
bed previously (M azanowska et al., 1969).

Crude lipid preparations were obtained from  chrom atophores of Rhodopseudo- 
monas spheroides or from  ra t Ііѵег m itochondria. C hrom atophores were prepared 
according to  Gibson, Neuberger & Tait (1963) from  the organisms grown semi- 
anaerobically in the light in the m alate medium of Lascelles (1959). Chrom atophores 
were treated with Tween 20 added to the fmal concentration of 1 %, left frozen 
overnight, then thawed and centrifuged at 105 000 g for 1 hr. The supernatant was
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2 A. M A Z A N O W iS K A  a n d  A. M. D A N C E W I C Z

discarded, and the dark-brow n pellet suspended in 0.05 м-tris-HCl buffer, pH
8.4, was used as the lipid preparation. Liver m itochondria were extracted with 
a chloroform -m ethanol mixture according to Bligh & Dyer (1959). The extract 
was evaporated to dryness under a stream  of nitrogen and the residue dissolved 
in a smali volume of chloroform  (1/100 of the original extract volume).

Column chrom atography of m itochondrial lipids was performed on silicie 
acid activated before use by heating overnight at 100 . A sample of concentrated 
lipid solution in chloroform , equivalent to m itochondria obtained from  1 - 2 g. of 
Ііѵег, was applied to the column (1 x 1 4  cm.) of 5 g. o f silicie acid, and eluted 
successively with chloroform  and m ethanol, using three column volumes of each 
solvent. Botli fractions were evaporated to dryness and redissolved in chloroform  
(2.5 volumes of that applied to the colum n); 2/3 volume of the fraction eluted with 
m ethanol was rechrom atographed on another silicie acid column. This time the 
elution was performed successively with chloroform , then with stepwise inereasing 
concentrations of methanol (4, 10, 20, 60 and 80%) in chloroform , and finally with 
m ethanol; the am ount of solvent at each step corresponded to two and a half column 
volumes. Each fraction was evaporated to dryness and dissolved in chloroform  (2.5 
volum.es of th a t applied to the column).

C hloro fo rm  Solutions o f  all f ractions were analysed for lipid com position ,  
phospha te  content an d  abilily to  stimulate ferrochela tase activity.

Thin-layer chromatography of lipids was performed on 5 x 8 .5  cm. glass plates 
coated with Kieselgel G and developed with a mixture of chloroform  - methanol - wa- 
ter (65:25:4, by vol.) according to Wagner, H orham m er & Wolff (1961) in the case 
of phospholipids or with light petroleum  (b.p. 45 - 66 ) - ethyl ether - acetic acid 
(60:40:2, by vol.) according to Mangold & M alins (1960) in the case of neutral 
lipids. The spots were located by spraying with 10% phosphom olybdic acid in etha- 
nol followed by heating at 80 - 82° for 15 min. (Stahl, 1962). The lipids were identi- 
fied by com parison of their RF values with those of standards or with RF given 
in the literaturę (Lepage, 1964).

Phospholipid phosphate was determined according to Bagiński, Foa & Zak 
(1967).

Lipid peroxide formation in lipid extracts from  mitochondria. Concentrated lipid 
solution from rat Ііѵег m itochondria, 1 ml., was evaporated to dryness, dissolved 
in 0.2 ml. o f anhydrous ethanol, mixed with 1.8 ml. o f 0.01 м-tris-HCl buffer, pH
8.4, supplemented to 0.5 т м  with ascorbic acid and ineubated in air at 37° for 1 hr. 
Then the am ount of lipid peroxides formed was determined. The control sample 
was ineubated without ascorbic acid.

Lipid peroxide formation in mitochondrial preparations. To 0.5 ml. (equivalent 
to 8 - 9 mg. of protein) o f rat Ііѵег m itochondria suspension in 0.1 м-tris-HCl buffer, 
pH 8.4, o rth e  same am ount of m itochondrial Tween 20 extracts, different am ounts 
of ascorbic acid and/or 0.1 pmole of F eS 0 4 were added and supplemented with 
tris buffer to the finał volume of 2.5 ml. This rnixture was then ineubated in air 
at 37° for 1 hr. and the content of lipid peroxides formed was determined.
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L I P I D S  A N D  F E R R O C H E L A T A S E  3

Lipid peroxide content was estimated according to Ottolenghi (1959), the colour 
form ed with 2-thiobarbituric acid being measured at 535 m |i.

Ferrochelatcise a c tm ty  was assayed according to  Nenberger & Tait (1964). 
Protoporphyrin and iron in eąuim olar am ounts were used as substrates. The con- 
sum ption o f protoporphyrin converted to  haem  was taken as a measure of enzyme 
activity.

Protein concentration was determined according to Lowry, Rosebrough, F arr 
& Randall (1951). Protein in the column effluent was estim ated at 280 mp.

Chemicals. Phosphatidylcholine and phosphatidic acid (from egg yolk) were 
kindly offered by Dr. Halina Dom inas, Nencki Institute of Experimental Biology, 
W arszawa. Protoporphyrin solution was prepared and its concentration determined 
as described previously (M azanowska et al., 1969). Silicie acid (100 mesh) was 
purchased from  M allinckrodt Chemical W orks (St. Louis, M o., U.S.A.). Kieselgel 
G was a product o f E. Merck A. G. (D arm stadt, West Germany). Tween 20 was from  
Koch-Light Laboratories Ltd. (Colnbrook, Bucks., England). Воѵіпе plasma albu
min was obtained from A rm our & Co. Ltd. (Eastbourne, Sussex, England). Humań 
plasma album in was kindly supplied by the Institute of Haem atology (Warszawa). 
Ali other Chemicals were commercial products of analytical grade.

R E SU L T S

Effect o f  lipids on ferrochelatase activity

Our first observation indicating that lipid is indispensable for the activity of 
ferrochelatase was made during attem pted purilication of the enzyme from  mito- 
chondrial Tween extracts by column chroinatography on cellulose ion-exchangers. 
The recovered activity (Fig. 1) was much lower than  tha t of the starting m ateriał. 
However, addition of acrude lipid preparation from chrom atophores of photosynthe- 
sizing bacteria R. spheroides restored the activity of ferrochelatase. A similar effect 
was observed after addition of lipid extracts from  rat or guinea-pig Ііѵег mitochondria. 
The effect o f lipids was the greater, the lower was the specific actwity of the enzyme 
preparation used.

To find the lipid com pound responsible for the stim ulatory effect, the chloro
form solution of rat Ііѵег m itochondria lipids was chrom atographed on silicie acid 
column, and the obtained fractions were tested for their effect on ferrochelatase 
actwity and analysed by thin-layer chrom atography on Kieselgel G. The obtained 
data (Table 1) indicate that fractions which contain as a main com ponent either 
neutral lipids, phosphatidylethanolam ine or acidic phospholipids cause a 2 to 
2.5-fold inerease in specific actw ity of a weakly active (1.9nm oles of haem/mg. 
protein/hr.) ferrochelatase preparation. The fraction containing phosphatidyl
choline as a main com ponent was inactive causing in fact some inhibition of the 
enzyme actwity.
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4 A. M A Z A N O W S IK A  a n d  A. M. D A N C E W I C Z

Fig. 1. D E A E -cellu lose colum n chrom atography o f  ferrochelatase preparation. The 0.2 - 0.4  amrno- 
nium  sulphate saturated fraction o f  Tween 20 extract from guinea-pig Ііѵег m itochondria (57.6 mg. 
protein) was used as starting materiał. The colum n (1 .0 x 6 2 .0  cm .) was eąuilibrated with 0.01 м-N a, 
K -phosphate buffer, pH  7.4, and the protein was eluted with a linear NaCI concentration gradient 
up to 0.5 м. Fractions o f  2.5 ml. were collected at a flow rate o f 25 m l./hr. Black area, specific 
activity measured directly; hatched area, specific activity after addition o f  lipid preparation from  
chrom atophores o f  Rhodopseudomonas spheroides. The activity o f  the starting materiał measured 
directly was 10.7, and after addition o f  the lipid extract 16.3 nm oles o f protoporphyrin converted

to haem /m g. protein/hr.

It seemed of intcrest to see whether phospholipids from  another source would 
be able to stim ulate ferrochelatase activity. Therefore phosphatidic acid and 
phosphatidylcholine from  egg yolk, and free fatty acids were used. The results 
presented in Fig. 2 show that the effect of these snbstances was dependent on their 
concentration. At lower concentrations, phosphatidic acid and sodium laurate 
stimulated the enzyme activity, then, with increasing concentrations, their effect 
was gradually reduced and at still higher concentrations they even acted as inhi- 
bitors. Stimulation by oleate increased steadily with its increasing concentration, 
whereas phosphatidylcholine had but a slight, very gradually decreasing. enhancing 
effect.
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L I P I D S  A ND F E R R O C H E L A T A S E 5

Fig. 2. Effect o f  lipids on ferrochelatase activity o f Tween 20 extracts from  rat Ііѵег m itochondria. 
Enzym e activities are expressed in relation to the control (determined w ithout lipids) taken as 100. 
(O ), Sodium  oleate; ( □ ) ,  phosphatidic acid isolated from  egg yolk; (Д ) ,  sodium  laurate; ( • ) ,  

phosphatidylcholine isolated from egg yolk.

T a b I e 1

Effect o f  lipids from rat Ііѵег mitochondria on ferrochelatase ac tm ty  
Lipid extract from rat Ііѵег m itochondria was prepared and fractionated as described under M aterials 
and M ethods. The fractions were analysed, and tested for their effect on ferrochelatase activity. 
T o the assay sam ple, lipids were added in an am ount equivalent to the volum e o f  the m itochondrial 
suspension, indicated in the Table. The activity o f  ferrochelatase is expressed in relation to the test 

w ithout lipid added (control), taken as 100.

Lipid added 
equivalent to

Lipid fraction added Main coniponent
vol. o f  

m itochon
drial 

suspension  
(m l.)

phosphate  

(qg. P)

Rclative
activity

N on e (control) 

Crude extract all 2.5 10.6

100

160

Extract from silicie acid colum n; 
fractions eluted with: 

chloroform neutral lipid 0.5 0.05 263
m ethanol phospholip ids 0.5 15.76 137

R echrom atography o f  the m ethanol 
extract; fractions eluted with:

4%  m ethanol in chloroform phosphatidic acid  
and cardiolipin 0.2 1.15 237

20%  m ethanol in chloroform phosphatidyl-
ethanolam ine 0.2 7.4 207

80% m ethanol in chloroform phosphatidylcholine 0.2 2.65 78
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6 A. MĄZ-ANOW.SKA a n d  А. М. D A N C E W I C Z

Suppression o f  the inhibitory effect o f  albumin by lipids

The involveinent of lipids in ferrochelatase activity was also shown indirectly 
by dem onstrating their ability to suppress the inhibitory action of albumin. This 
property of albumin and serum fractions containing album in was reported in our 
earlier paper dealing with ferrochelatase activity of tissue homogenates or mito- 
chondria tested in a system containing no organie solvents (M azanowska, Dance
wicz & Kowalski, 1962). However, no explanation of this phenom enon was offered 
at tha t time. If  it is assumed that the inhibition by album in is due to  the binding 
of fatty acids of the lipid moiety of the ferrochelatase со тр іех , the addition of 
exogenous lipids to the system should prevctit the inhibition by a simple competi- 
tion mechanism. This possibility has been tested in two sets o f experiments. In the 
first one, albumin was preineubated with sodium laurate and then its ability to inhi- 
bit ferrochelatase activity was assayed. In the second, the assay of the enzyme acti- 
vity was carried out in a system containing sodium laurate and albumin without 
preineubation. Results presented in Table 2 show that irrespective whether album in 
was preineubated with the fatty acid or not, its addition m arkedly diminished the 
inhibitory effect o f album in after a certain treshold concentration of fatty acid 
had been reached. This suppression of the albumin action was proportional to the 
concentration of the long chain fatty acid.

It should be noted that in these experiments ether was om itted from  the ineuba- 
tion mixture because in its presence no inhibition by album in was observed.

T a b le  2

The effect o f  albumin and sodium laurate on ferrochelatase a c tm ty  o f  Tween 20 extracts
from  rat Ііѵег mitochondria

Воѵіпе b lood  serum albumin or human plasm a albumin and sodium  laurate were added to the 
ferrochelatase assay system  (ether being om itted) and after 1 hr. o f  ineubation at 37° the enzym e  
activity was determ ined. In experim ents with preineubation, album in was mixed with sodium  
laurate and ineubated for 1 hr. at 37° prior to the addition to the ferrochelatase assay system.

C om ponents added Ferrochelatase activity 
in a system

Serum albumin  
(цм)

Sodium  laurate
(MM)

with
preineubation

without
preineubation

nm oles/m g. protein/hr.

N on e N on e 4.93
H um an, 20 N on e 0.97 1.09
H um an, 20 80 1.23 1.05
H um an, 20 160 2.43 2.10
Воѵіпе, 20 N one 1.30 1.49
Воѵіпе, 20 80 1.39 1.49
Воѵіпе, 20 160 2.75 2.43
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Effect o f  lipid peroxides on ferrochelatase ac tm ty

To obtain differcnt am ounts of m itochondrial lipid peroxides, the m itochondrial 
suspension was incubated in air or in vacuum  at 37° for 1 hr. with different con- 
centrations of ascorbic acid, with Fe2+ ion at 0.04 т м  concentration, or both. The 
highest oxidation was obtained in air at 0.4 т м  concentration of ascorbic acid in 
the presence of ferrous ions (Table 3). The increase in the am ount of peroxides 
form ed diminished ferrochelatase activity leading to a complete or alm ost complete 
inactivation of the enzyme.

T a b le  3

The effect o f  lipid peroxides form ed in mitochondria on ferrochelatase acti\ity

V arious am ounts o f lipid peroxides formed were obtained by incubating m itochondrial suspensions 
in 0.1 M-tris-HCl bufler, pH 8.4, for 1 hr. at 37° with the indicated com pound(s). Ferrochelatase  
activity and the content o f  peroxides were determ ined as described under M aterials and M ethods.

Incubation conditions for form ation o f  lipid 
peroxides

Lipid peroxides 
formed  

(4 E s35/m g. pro
tein)

Ferrochelatase  
activity  

(nm oles/m g. pro- 
tein/hr.)

Incubated in vacuum
control (non-oxidized) 0.007 14.1
with 0.04 niM-Fe2+ 0.023 13.8

with 0 .04 mM-Fe2+ +  0.4 т м -ascorbic acid 0.092 6.8

Incubated in air
with 2 т м -ascorbic acid 0.115 4.1

with 0.4 т м -ascorbic acid 0.163 4.0

with 0 .04 т м -F e2 ̂  +  0.4 т м -ascorbic acid 0.359 0.0

T a b le  4

The effect o f  lipid peroxides content in lipid extract on its ability to stimulate ferro
chelatase actiyity

Lipid extract from  rat Ііѵег m itochondria was oxidized by incubation in air as described under 
M aterials and M ethods and then its ability to  stim ulate ferrochelatase activity o f  Tween 20 m ito

chondrial extract was com pared with that o f  non-oxidized lipid extract.

Lipid extract added
Lipid peroxides 

content 
(J E 535/m g. protein)

Ferrochelatase activity

nm oles/m g.pro- ! % o f  contro] 
tein/hr.

N o n e _ 5.1 100

N on-oxid ized 0.034 7.0 137.3

O xidized 0.132 5.8 113.7
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8 А. М  AZ A NO W S К  A a n d  А. М. D A N C E W IC Z

Similar results were obtained in experiments in which m itochondrial Tween 20 
extracts were used instead of m itochondrial suspension.

The effect of lipid peroxides on the activity of ferrochelatase has been shown 
also in an experiment in which the ability to stim ulate ferrochelatase of Iow specific 
activity by extracts o f exogenous m itochondrial lipids, oxidized and non-oxidized, 
were com pared (Table 4). The effect of lipid preparations treated with ascorbic 
acid was much lower than that of the non-treated preparations.

D ISC U S SIO N

M any inembrane-bound m itochondrial, microsomal or lysosomal enzymes 
show an absolute requirement for lipids, both specific and non-specific ones (Green 
& Fleischer, 1963; Jurtshuk, Sekuzu & Green, 1963; McConnell, Tzagoloff, MacLen- 
nan & Green, 1966; Cerletti, Giovenco, G iordano, Giovenco & Stroni, 1967; Bulos 
& Racker, 1968; D uttcra, Byrne & G anoza, 1968). The im portant role of lipids 
for m itochondrial ferrochelatase activity has been recognized for some time. Yoshi- 
kawa & Yoneyama (1964) were first to note that phospholipase-treated m itochondria 
lost completely their ferrochelatase activity and that protoporphyrin bound to 
phospholipids was more readily converted into haem  than free protoporphyrin. 
M azanowska et al. (1966) showed that treatm ent of m itochondria with acetone or 
o ther lipid solvents decreased significantly ferrochelatase activity, which could be 
restored by the addition of lipid preparation. M azur (1968) also observed that 
phospholipid was reąuired for fuli ferrochelatase activity. In the present study it 
was shown that the activity of Ііѵег m itochondrial ferrochelatase of Iow specific 
activity could be stim ulated by various lipid com pounds. The activating effect was 
observed with crude lipid extracts from  Ііѵег m itochondria, chrom atophores of 
R. spheroides, as well as with m itochondrial neutral lipids, phosphatidylethanolam ine 
and acidic phospholipids, phosphatidic acid from  egg yolk, and free saturated and 
unsaturated long chain fatty acids, but not with phosphatidylcholine.

Recently similar results were obtained by Sawada, Takeshita, Sugita & Yone
yam a (1969) on ferrochelatase preparations of Iow activity obtained from  chicken 
erythrocyte strom a.

Activation of ferrochelatase by a wide variety of lipid com pounds indicates that 
its reąuirem ent for lipid is not very specific. It may be assumed that lipid in ferro
chelatase acts in more than one way. It may serve as a reaction m edium  for sub- 
strate and/or it may serve as ligand indispensable for the enzyme protein to preserve 
its biologically active conform ation. These possibilities of lipid involvement in 
enzyme structure and function were discussed by Green & Fleischer (1963). M cCon
nell et al. (1966) using electron microscopy dem onstrated that acidic phospholipid 
was absolutely reąuired by cytochrom e с oxidase to form  vesicle-like structures 
typical o f the active form  of the enzyme.

Further evidence for the effect of lipids on ferrochelatase activity is the suppres- 
sion by fatty acid of the inhibition caused by albumin. The inhibitory action of
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album in may consist in its ability to bind fatty acids of the enzyme. The fact that 
long chain fatty acids are morę readily oxidized when bound to albumin than in the 
free form  (Bjorntorp, 1966) seems also to be pertinent to the inhibitory action of 
album in on ferrochelatase.

The oxidation of m itochondria or m itochondrial Tween 20 extracts by exposure 
to air during chrom atography, diminished their ferrochelatase activity, which could 
be restored by the addition of lipids. It is thus reasonable to assume that during 
oxidation of m itochondria the lipid com ponent of the enzyme becom.es readily 
oxidized losing its ability to co-operate with the protein moiety. The observation 
that peroxide-containing lipids were alm ost unable to stimulate ferrochelatase 
activity, also points to such a mechanism being operative.

It may be deduccd from  the results discussed that the ferrochelatase in its nativc 
form  is closely associated with lipid, occurring most probably as a lipoprotein bound 
to the m itochondrial structure. Changes in the lipid com ponent of the enzyme, 
such as its partial гетоѵ аі by lipid solvent or lipid peroxide form ation, result pro
bably in the alteration of the protein moiety of the enzyme followed by a marked 
decrease in activity.

Thin-layer chrom atography was carried out by Mrs. Alina Turowska to whom 
our thanks are due. Excellent technical assistance of Mrs. Dobrosława Rzepniewska 
is gratefully acknowledged.
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ROLA LIPID Ó W  W C Z Y N N O Ś C I F E R R O C H E L A T A Z Y

S t r e s z c z e n ie

1. N ieoczyszczone preparaty lipidów , obojętne lipidy, fosfatydyloetanoloam ina i kwaśne 
fosfolipidy stym ulują czynność ferrochelatazy (ferro-liazy protohem u, ЕС 4.99.1.1) w ekstraktach 
z m itochondriów  wątroby szczura posiadających niską aktyw ność właściwą.

2. D odanie lipidów  lub w yższych kw asów  tłuszczow ych częściow o znosi ham ow anie czynności 
ferrochelatazy przez album inę.

3. Lipidy zawierające nadtlenki tracą zdolność stym ulacji czynności ferrochelatazowej prepa
ratów o niskiej aktyw ności w łaściwej. U tlenianie lip idów  m itochondrialnych do nadtlenków  p o
woduje unieczynnienie enzym u.

Received 16 July, 1969.
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THE YARIATIONS OF TRITERPENOIDS IN GERMINATING SEEDS OF
CALENDULA OFF1CINALIS

D epartm ent o f  B iochem istry, W arsaw University, Al. Ż w irk i i W igury 93, W arszawa 22

The changes in concentration o f  triterpenic alcohols, o leanolic acid and sterols, free, 
in the form  o f  esters and glycosides were investigated in germ inating seeds o f  Calen- 
dula officinalis.

ft has been shown by Kasprzyk & Fonberg-Broczek (1967) that the seeds of 
Calendula officinalis contain sterols and oleanolic acid in greater ąuantities as well 
as triterpenic monols and diols in smaller but still considerable am ounts. Oleanolic 
acid and sterols are present also in all parts o f the calendula plants but of the tri
terpenic m onols only /7-amyrin, and of diols only erythrodiol, the metabolic pre- 
cursors of oleanolic acid, have been identified in the green parts of the plant (Kasprzyk 
& Wojciechowski, 1969). These two alcohols were found in very smali ąuantities 
as com pared with oleanolic acid. In the flowers of calendula plants, however, four 
monols and four diols belonging to other than /?-amyrin type of pentacyclic tri- 
terpenes, are accum ulated. In the group of monols, y/-taraxasterol has been identi
fied by Stevenson (1961) and a-amyrin, taraxasterol and lupeol by Kasprzyk & Py
rek (1968). In the group of diols, arnidiol and faradiol have been identified by Zimmer- 
mann (1946) and brein and calenduladiol by Kasprzyk & Pyrek (1968). Sterols pre
sent in the flowers of calendula are /?-sitosterol, stigm asterol and isofucosterol 
(Kasprzyk & Turowska, 1969), and they occur in the form  of free com pounds, 
acetates and monoglucosides (Kasprzyk, Turowska & Baranowska, 1969). In the 
group of triterpenes, oleanolic acid was found in calendula plants only in the form 
of glycosides bu t triterpenic alcohols are present as free com pounds or as acetates. 
Kasprzyk, Pyrek & Turowska (1968) have found that also sterols occur in the seeds 
of calendula as free com pounds, acetates or glucosides, and that during germina- 
tion the content o f sterols decreases in all fractions.

The aim  of the present work was to investigate the types of triterpenic alcohols 
and sterols present in the seeds of calendula, the forms in which they occur, and 
changes in their ąuantities during germination. Changes in the am ount of oleanolic 
acid were also studied.

[11]
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Cultivation o f  plants. The investigated m ateriał comprised seeds and 5, 10, 15 
and 20-day-old seedlings of Calendula officinalis var. Radio. The seeds were germina- 
ted on cotton-wool saturated with tap water in a lumistate where they were 
illum inated 14 hr. per day with the light o f 2500 lux intensity. The tem peraturę 
during the day was 25 and at night 15°. The seeds which did not germinate were 
removed after 5 days and the seedlings (without shells) placed on paraftin-covercd 
gauze extended оѵег a beaker with the nutrient solution (Kasprzyk & Fonberg- 
Broczek, 1967) diluted tenfold with water.

Extraction procedurę. Seeds and seedlings were countcd and weighed. For dry 
weight determ ination, samples of 1 g. were used. For extraction, from  50 g. to 250 g. 
samples were taken, methanol was added so as just to соѵег the plant m ateriał, 
and homogenized in a Unipan 302 homogenizer at 10 000 rev./min. for 5 min. The 
homogenate was filtered and the residue heated three times for 10 min. with a five- 
fold volume of methanol in relation to the weight o f the sam ple; the extracts were 
combined.

Fractionation o f  the extract. The m ethanol extracts were concentrated by distilla- 
tion to 50 ml. and then 50 ml. o f water was added. This was followed by fivefold 
extraction with 25 ml. portions of light petroleum (b.p. 4 0 - 60°). By this procedurę 
two fractions were obtained: the light petroleum  extract containing free and esteri- 
lied triterpenoids, and the water-m ethanol layer containing triterpenoid glycosides.

Separation o f  free  and esterifed triterpenoids. The light petroleum  extract was 
fractionated on column with alum ina of 111 activity (Woelm, Eschwege, W. G erm a
ny) using light petroleum  with an increasing ethyl ether concentration gradient 
(up to 100%). The results o f separation were checked by thin-layer chrom atography.

Hydrolysis o f  bound triterpenoids. Triterpenoid esters isolated by alumina column 
chrom atography were hydrolysed with 10% KOH solution in m ethanol for 3 hr. 
under reflux and the non-saponifying fraction was obtained in the usual way. Tri
terpenoid glycosides were hydrolysed with 10% H2S 0 4 solution in m ethanol under 
the conditions described above.

Thin-layer chromatography. This was performed using silica gel, alumina (both 
from  Merck, D arm stadt, W. Germany) and silica gel impregnated with A g N 0 3 
(10% with respect to gel). The plates were activated at 120° for 30 min. The solvents 
used were: /, light petroleum  (b.p. 40 - 60°) - chloroform - methanol (20:10:1, by 
vol.); II, chloroform  - m ethanol (95:5, v/v), for silica gel; / / / ,  heptane - benzene - 
ethanol (100:100:1, by vol.), for alum ina; IV, chloroform ; V, benzene, for silica 
gel impregnated with A g N 0 3. As standards were used: /?-sitosterol (Hoffmann, 
La Roche, Basel, Switzerland), stigmasterol (Sigma, St. Louis, Mo., U.S.A.), as well 
as /Lamyrin, taraxasterol, i//-taraxasterol, lupeol, faradiol, brein, calenduladiol, 
oleanolic acid isolated from C. officinalis flowers (Kasprzyk & Pyrek, 1968) 
and erythrodiol (Kasprzyk & Wojciechowski, 1969).

Quantitive determination o f  triterpenoids. This was carried out using C oC l2 
as a complexing agent, according to the m ethod described by Fonberg & Kasprzyk
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(1965). Standard curves were made for the mixtures of triterpenic monols and diols 
(K asprzyk & Pyrek, 1968) and for the mixture of sterols (Kasprzyk et al., 1969) 
isolated from  flowers of calendula. It proved possible to use the mixture o f these 
com pounds as standards because it was dem onstrated (see below) that the same 
sterols and triterpenic alcohols were present in seeds as in flowers.

A com parison of extinction value of C oC l2 complexes of /Fsitosterol, (М агаха- 
sterol and faradiol with those for the mixtures of sterols, triterpenic monols and 
triterpenic diols is presented in Table 1. The extinction values for the mixtures 
were distinctly lower than those for individual com pounds tested, the maxima being 
shifted towards longer wavelengths.

Ali determinations were made on 3 separate series of seeds and seedlings. The 
diflerences between determ inations in different series did not exceed 10%.

T a b le  1

The extinction ralues o f  comp!exes o f  standard samples o f  f-sitosterol, \p-taraxasterol 
and faradiol, and o f  mixtures o f  sterols, triterpenic monols and triterpenic diols isolated 

from  the flow ers o f  Calendula officinalis

The mixture o f  sterols was obtained as described by Kasprzyk et al. (1969), and mixtures o f  tri
terpenic m onols and diols as described by K asprzyk & Pyrek (1968).

C om pounds  
(100 pg. in 4.5 ml.)

Emax
(mp)

Ej cm
at Emax

/f-Sitosterol 260 0.54
M ixture o f  sterols 265 0.42
V/-Taraxasterol 250 0.70
M ixture o f  triterpenic m onols 255 0.65
Faradiol 255 0.59
Mixture o f  triterpenic diols 260 0.53

RESUL.TS

The extraction method applied previously by Kasprzyk et al. (1968) did not 
allow to achieve the separation of free and esterified sterols, a part of sterols being 
extracted together with sterol esters. Гп the present work, efficient separation of 
free and ester-bound triterpenoids was obtained by chrom atography on alumina 
column. The separated fractions were identified by thin-layer chrom atography 
(Fig. 1). Tt appeared that triterpenic monols and sterols occur in seeds and seedlings 
in the form of free and esterified com pounds. On the other hand, triterpenic diols 
were found to occur mostly as esters, free triterpenic diols being present in tracę 
am ounts. Similar relations between free and esterfied triterpenoids were observed 
in the flowers of calendula (K asprzyk et al., 1969).
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Fig. 1. Thin-layer chrom atography on silica gel o f  free and ester-bound triterpenoids, separated 
by alumina colnm n chrom atography from  light-petroleum  extracts o f  Calendula officinalis seeds. 
Solvent system  /;  for details see M ethods. The sam e results were obtained by thin-layer chrom ato
graphy on alumina with solvent system  / / / .  a , Sąualen; h, y/-taraxasterol acetate; c, /?-sitosterol 

acetate; d, faradiol diacetate; e, y/-taraxasterol; / ,  //-sitostero l; g , faradiol.

Fig. 2. Separation o f  A, triterpenic m onols, B, triterpenic diols (diacetates) and C, sterols (acetates) 
from Cidendula officinalis seeds, by thin-layer chrom atography on silica gel impregnated with  
A g N 0 3. A, Solvent system  IV : 1, a- and /?-amyrin; 2, ^/-taraxasterol; 3, taraxasterol; 4, lupeol. 
B, SoKent system V: / ,  erythrodiol; 2, brein; 3, faradiol and arnidiol; 4, calenduladiol. C, Solvent 

system  IV : I, /?-sitosterol; 2, stigm asterol. a, Standards; b, sam ple.

The 1'raction of triterpenoid glycosides after acid hydrolysis contained sterols 
and oleanolic acid, as dem onstrated by thin-layer .chrom atography in system II.

On the basis o f chrom atography on silica gel impregnated with A g N 0 3 and 
com parison with standards of the individual triterpenoid com pounds isolated and 
identified previously in the flowers of calendula (Kasprzyk & Pyrek, 1968), it was 
found that all triterpenic monols (Fig. 2A) and triterpenic diols (Fig. 2B) present 
in flowers occur also in seeds. Могеоѵег, //-sitosterol and stigmasterol (Fig. 2C)
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are present in seeds, both com pounds occurring as free alcohols, glucosides and 
esters. Seeds contain also traces of A 1 sterols. A similar analysis made on seedlings 
indicated that all triterpenic monols and diols present in the seed, except /?-amyrin 
and erythrodiol, disappeared completely between the 15th and 20th day of germina- 
tion. However, all sterols present in seeds were found also in seedlings.

Changes in fresh and dry weight o f 1000 seeds or seedlings during germination 
are shown in Fig. 3. Both the fresh and dry weight of the seedlings increased several- 
fold in the period between the 5th and 20th day. Dry weight of 1000 seedlings np to the 
15th day of germ ination is lower than that o f 1000 seeds. Rapid decrease of dry 
weight is connected with rejection of the shells and with considerable utilization 
of storage substances for energy supply. In calendula seedlings, first leaves are formed 
between the 15th and 20th day of vegetation, and at this time photosynthesis caused

Fig. 3 Fig. 4

Fig. 3. Changes in ( ■ ) ,  fresh and ( □ ) ,  dry weight o f  1000 seeds or 1000 seedlings o f  Calendula
officinalis during germ ination  

Fig. 4. Relation o f  dry to fresh weight o f  Calendula officinalis seeds and seedlings during germ ination.

a double increase of dry weight o f the seedlings. The increase of dry weight observed 
in the period 5th to  15th day, results from photosynthetic activity of the cotyledons. 
The dry weight as percentage of fresh weight is shown in Fig. 4. The relative increase 
of dry weight occurring between the 15th and 20th day indicates that the rate of 
biosynthesis o f organie substances in young leaves during this period was greater 
than their consum ption.
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Fig. 5. Changes in the am ount o f  sterols, triterpenic alcohols and oleanolic acid in Ccilenclulci offici- 
nalis during germ ination. a: (O ) , Free sterols; ( Д ) ,  sterol glycosides; ( • ) ,  sterol esters; b: (O ), 
free m onols; ( • ) ,  m onol esters; (Д ) ,  diol esters; c: (O ), oleanolic acid. N ote that, in Fig. 5c, a non- 

logarithm ic scalę is applied on the ordinate.

The data concerning the content o f triterpenoid com pounds are expressed in 
milligrams per 1000 seeds or seedlings. This m anner o f expression gives direct 
inform ation whether the given com pound is actually synthetized or metabolized.

Changes in the am ount of free sterols, sterol glucosides and esters during germ i
nation of calendula are presented in Fig. 5. In seeds, sterols were present in 91 % 
in free form, in 7%  as glucosides and in 2%  as esters. The am ount of free and este- 
rifted sterols decreased during germ ination till the 15th day, and then an increase 
was observed. The am ount o f sterol glucosides in 5-day-old seedlings was lower 
than in the seeds but later, between the 5th and lOth day of vegetation, it increased. 
This could be due to glucosylation of sterols. The total am ount o f sterols in all 
fractions decreased till the 15th day of vegetation, whereas an increase was observed 
between the 15th and 20th day.

Changes in triterpenic alcohols are shown in Fig. 5ą, b. In seedlings, free tri
terpenic diols were present in tracę amounts. A steady decrease of free monols and 
diol esters was observed in the course of germination. A smaller decrease was found 
for the monol esters which constitute less than 10% of all monols.

The content o f oleanolic acid decreased till the lOth day of germ ination and 
then increased till the end of the investigated period (Fig. 5c).
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D IS C U S S IO N

The presented results show that in calendula the am ount of triterpenoid compounds 
decreases during germination. The triterpenoids are not discarded with seed shells 
which have been found to contain only insignificant am ounts of sterols and contain 
no triterpenic alcohols or oleanolic acid. The decrease of triterpenoids till the 15th 
day of germ ination can be caused by their degradation or transform ation into more 
oxidized derivatives.

Especially notew orthy is the dem onstration in the seeds of considerable auanti- 
ties of triterpenic alcohols found previously only in the flowers of calendula (K asp
rzyk & Pyrek, 1968; Kasprzyk & Wojciechowski, 1969). They are transported most 
probably from  the flowers to m aturing seeds. D uring germ ination their content 
decreases steadily and, except /Tamyrin and erythrodiol, they disappear between 
the 15th and 20th day. D uring this period the first leaves are formed and the meta- 
bolism characteristic of the m aturę p lant begins to ргеѵаіі. W ith increasing photo- 
synthetic activity of the leaves, the dry weight o f the plant rises considerably and 
enhanced biosynthesis o f oleanolic acid, its precursors /?-amyrin and erythrodiol, 
as well as o f sterols is observed.

In our experiments the am ount o f triterpenoids was determined in whole seeds 
or seedlings. The studies of Kem p, G oad  & M ercer (1967) on the changes in the 
am ount of sterols in various m orphological parts (root, stem, scutella and endosperm) 
of 4- to 13-day-old corn seedlings indicated tha t the biosynthetic processes occur 
specifically in distinct parts o f the plant. In seeds the am ount of free sterols was 
considerably higher than  th a t o f esterified sterols. D uring germ ination the am ount 
of free A 5 and A 1 sterols increased significantly in stem and root, being unchanged 
in scutellum and endosperm . The am ount of esterified sterols increased threefold 
in scutellum and remained constant in other parts o f the plant, whereas the am ount 
o f A 1 sterol esters was unchanged in any of the m orphological units.

It seems possible that also in calendula the synthesis o f sterols and oleanolic 
acid occurs in stem and root, whereas degradation o f these com pounds and o f tri
terpenic alcohols takes place in storage organ (cotyledons). The net result may 
be therefore a decreased content o f sterols and oleanolic acid at the first stages 
of vegetation. It has been observed by Kasprzyk, Pyrek & Sliwowski (1967) that 
in 14-day-old seedlings o f calendula, radioactivity of [l-14C]acetate is incorporated 
into sterols. The results described in the present paper do not exclude the possibility 
tha t in some parts o f the seedling the biosynthesis o f sterols and oleanolic acid 
begins m uch earlier than on the lOth or 15th day of germ ination, whereas the degra
dation of triterpenoids proceeds sim ultaneously in other parts o f the plant.
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Z M IA N Y  TRÓ JTERPENO EDÓ W  W  K IE Ł K U JĄ C Y C H  N A S IO N A C H  C A LE N D U LA
O F F IC IN A LIS

S t r e s z c z e n ie

B adano zm iany stężenia a lkoholi trójterpenowych, kw asu oleanolow ego oraz steroli w olnych , 
zw iązanych estrow o i zw iązanych glikozydow o, zachodzące w  kiełkujących nasionach Calendula  
officinalis.

R eceived 4  A ugust, 1969.

http://rcin.org.pl



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

V ol. 17 11970 N o. 1

IN A  G Ą SIO R O W SK A , Z O F IA  P O R E M B SK A , J. JA C H IM O W 1C Z  

and IR E N A  M O C H N A C K A

ISOENZYM ES OF ARGINASE IN RAT TISSUES

D epartm en t o f  Physiological C hem istry, M ed ica l School, K rakow skie P rzedm ieście 26/28, W arszawa 64

1. The activity o f  arginase calculated per gram o f  fresh weight is in brain 1000-fold  
lower than in Ііѵег, and in kidney and subm axillary gland 30-fold lower. 2. The Ііѵег 
arginase show ed one optim um  at pH  9.5, whereas in other tissues studied tw o optim a, 
at pH  7.5 and 9.5, were found. 3. By D E A E -cellu lose chrom atography, tw o arginase  
fractions were obtained from  each tissue tested. The first fractions were eluted with  
tris buffer and could n ot be resolved by co-chrom atography. The second fractions, 
which were eluted with different KC1 concentrations, separated on  co-chrom atography.
4. The m olecular weight determ ined by Sephadex G -100 gel-filtration was 120 000  
for all separated isoenzym es, as w ell as for the unfractionated enzym e. The K m values 
were virtually the sam e, ranging from  3.4 to  8.0 т м .

In our previous paper (Gąsiorowska, Porem bska & M ochnacka, 1969) it has 
been dem onstrated that many properties o f the arginase (L-arginine am idinohydro- 
lase, ЕС 3.5.3.1) from  ox brain are identical with those of the arginase from  Ііѵег 
of other ureotelic vertebrates. Могеоѵег, two arginase isoenzymes have been found 
to  occur bo th  in ox brain and ra t Ііѵег.

In the present work, a com parison has been made between the arginase from  rat 
Ііѵег, and the arginase and isolated isoenzymes from  ra t kidney, submaxillary gland 
and brain, i.e. those tissues which do not take part in the process of ureogenesis.

M A T E R IA L S A N D  M E T H O D S

Reagents. They were the same as used previously (Gąsiorowska et al., 1969).
Preparation o f  tissue extracts. W hite małe rats, 3 - 4  m onths old (200 - 250 g.) 

were stunned and killed by decapitation. Liver, kidneys, brain and submaxillary 
glands were isolated, disintegrated and homogenized three times for 30 sec. et 1900 
геѵ./min. w ith 3 vol. o f 50 тм -М пС 12 - 100 тм -К С 1 - 10 т м -tris-HCl buffer, 
pH  7.5, in a  Teflon-glass Potter-Elvehjem homogenizer placed on ice. Then the 
hom ogenate was gently stirred at 0° for 15 min. and centrifuged at 5000 rev./min. 
for 15 min. a t 4°. The supernatant was decanted, the sediment was again hom o-
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genized with the same am ount of buffer as above, and the two supernatants were 
combined. The extracts from  the particular tissues, when stored at -10° for about 
a week, did not lose their enzymie actwity. Also in some experiments, in which the 
isolated organs were stored at -10°, no changes in actw ity were observed.

The extracts were used for experiments either directly or following 18-hr. dialysis 
against 10 т м -tris-HCl buffer, pH 7.5.

Chromatography on DEAE-cellulose. Tissue extracts were treated with ammo- 
nium  sulphate to 0.9 saturation. After 1 hr. the sediment was collected by centri- 
fugation, dissolved in 10 тм -М пС 12 - 5 т м -tris-H Cl buffer, pH 8.3, and dialysed 
overnight against the same buffer at 4°. Then the dialysis residue was cleared by 
centrifugation and applied to  a DEAE-cellulose colum n (1 x 1 8  cm.) eąuilibrated 
w ith 5 т м -tris-HCl buffer, pH  8.3. The elution was carried out with 30 ml. o f the 
eąuilibration buffer and then with a linear KC1 concentration gradient (up to 0.3 m ) 

in the same buffer. Fractions of 5 ml. were collected at a flow rate of 1.5 ml./min.
Subcellular fractions. The fractions from  Ііѵег, kidney and submaxillary gland 

were prepared by the m ethod of H ogeboom  (1960) using 0.25 м-sucrose solution. 
For the brain, the procedurę described by W hittaker, M ichaelson & Kirkland
(1964) using 0.32 м-sucrose, was employed. The particulate fractions after washing 
were suspended in 10 т м -tris-HCl buffer, pH  7.5, and frozen. For actw ity determi- 
nation, they were thawed and gently homogenized.

Arginase assay. The reaction mixture contained in 1 m l.: 50 pmoles o f L-arginine 
(adjusted to pH  7.5), 5 pmoles of M nC l2, 50 pmoles of glycine buffer, pH  9.5, and 
enzyme preparation.

The am ount of protein of the crude extract or purified enzyme preparation 
used per assay sample in separate experiments, is given in legends to  Tables and 
Figures. The am ounts of protein applied and time o f ineubation at 37° were within 
the rangę of linear rate o f the reaction. The ineubation time was generally 15 min., 
and for the brain extracts 30 min. The reaction was stopped by placing the samples 
for 10 min. in a boiling-water bath, and in the supernatant ornithine was deter
mined by the m ethod of Chinard (1952) or urea according to A rchibald (1945) in 
the modification of Ratner (1955). Arginase actw ity was expressed as pmoles of 
ornithine or urea form ed per minutę.

Protein determination. The m ethod o f Lowry, Rosebrough, Farr & Randall 
(1951) was employed, with crystalline Ьоѵіпе serum  album in as standard. Protein 
in the effluent from  the DEAE-cellulose column was determ ined spectrophotom etri- 
cally by the m ethod of W arburg & Christian (1941).

Molecular weight determination. This was perform ed according to  Andrews
(1965) by Sephadex G-100 gel-filtration.

R E SU L T S

Arginase actiń ty  in tissue extracts. The actwity o f arginase calculated per gram 
fresh tissue differed widely (Table 1). It was the highest in the Ііѵег, and was 30-fold 
lower in kidney and submaxillary gland, and 1000-fold lower in brain.

20
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T a b le  1

The activity o f  arginase in rat tissues

T he values are m eans from  3 experim ents.

Tissue
A ctivity  

(pm oles ornithine/g. wet 
w t./m in.)

Liver 330
K idney 10
Subm axillary gland 9
Brain 0.28

One pH  optim um  at 9 - 9.5 was found for Ііѵег extract, and two optim a, at pH  
7.5 and 9.5, for extracts from  kidney, brain and submaxillary gland (Fig. 1).

In neither of the tissues studied was arginase inactivated by 18-hr. dialysis of the 
extracts against 10 т м -tris buffer, pH  7.5 (w ithout M n2+ ions added), and in the 
case of Ііѵег extracts the specific activity following dialysis was even enhanced due

Fig. 1. The effect o f  pH  on arginase activity in extracts from  rat tissues. The incubation mixture 
contained in 1 m l.: 50 pm oles o f  L-arginine, 5 pm oles o f  M nC l2, 50 pm oles o f  appropriate buffer, 
and tissue extract containing the fo llow in g  am ounts o f  protein: Ііѵег, 0.02 m g .; kidney, 0.15 m g.; 
subm axillary gland, 0.05 m g.; brain, 1.0 m g. Incubation tim e was 15 m in. For pH  6 - 8  tris-H Cl, 

and for pH  9 - 1 0 . 5  glycine buffers were used.
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to  precipitation of inactive proteins. A 60-min. preincubation of the dialysed extracts 
with 5 шм-МпС12 at 37° activated only the Ііѵег arginase, whereas with extracts 
from  other tissues no activation was observed, and sometimes the activity was 
somewhat decreased.

The effect o f divalent cations on the activity of arginase in dialysed extracts is 
shown in Table 2. In all tissues studied, M n2+ ion activated the enzyme to the 
greatest extent. C d2+ ion activated more strongly the arginase from Ііѵег and 
kidney, and for C o2+ ion the reverse was true.

T a b le  2

The effect o f  dim lent cations on arginase activity in dialysed extracts

The extracts were dialysed for 18 hr. against 10 ш м-tris-HCl buffer, pH 7.5. Then the arginase acti- 
vity was determined w ithout or with chlorides o f  the indicated cations added. The assay sam ple  
contained in 1 m l.: 50 pm oles o f  arginine, 50 pm oles o f  glycine buffer, pH 9.5, 5 pm oles o f  the  
divalent cation, and tissue extract containing: Ііѵег 0.02 mg. o f  protein, kidney 0.15 m g., subm axil- 
lary gland 0.05 m g., brain 0.7 mg. The activity is expressed as pm oles o f  ornithine/m g. protein/m in.

C ation added  
( т м )

Liver K idney Submaxillary
gland

Brain

Acti-
vity

A cti-
vation
factor

Acti-
vity

Acti-
vation
factor

Acti-
vity

A cti-
vation
factor

Acti-
vity

Acti-
vation
factor

N o n e  (control) 1.8 0.05 0.053 0.0033
M n2 + 4.1 2.3 0.1 2.0 0.123 2.3 0.0056 1.7
M g2 + 2.34 1.3 0.06 1.2 0.08 1.5 0.0033 1.0
C o 2 + 2.34 1.3 0.057 1.1 0.08 1.5 0.005 1.5
C d 2 + 3.2 1.8 0.088 1.7 0.066 1.2 0.0038 1.1
N i2 + 3.12 1.7 0.06 1.2 0.053 1.0 0.0043 1.3

The intracellular distribution o f arginase activity is presented in Table 3. In all 
tissues studied except the brain, the highest percentage of activity (40 to 47% ) was 
found in nuclei, and 24 to 35% in the m itochondrial fraction; the percentage of 
activity found in microsomes differed, however, rather largely, being 28% in Ііѵег 
and about 9%  in kidney and submaxillary gland. The 105 000 g  supernatant conta
ined only traces of activity. In the brain, the highest percentage o f activity (49%) 
was found in m itochondria, and 34% in nuclei. The data for ra t brain are in agree- 
ment with those for ox brain: 47%  in m itochondria and 33% in nuclei (Gąsio- 
rowska et al., 1969) and are, may be, typical o f m am m alian brain. The distribution 
o f arginase activity in ra t Ііѵег is very similar to tha t reported by M ora, M artuscelli, 
Ortiz-Pineda & Soberón (1965): 40%  in nuclei, 19% in m itochondria and 37% 
in microsomes.
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T a b le  3

Percent distribution o f  arginase in subcellular fractions

The com position  o f  the reaction mixture was as described in M ethods. The am ount o f  protein  
applied per assay sam ple was: Ііѵег 0.01 - 0.02 m g., kidney 0.13 - 0.35 m g., subm axillary gland  
0 .06 - 0.1 m g., brain 1.0 - 1.5 m g. The brain nuclei were separated at 1000^ . The results are expressed  

as percentages o f  the activity found in the w hole hom ogenate.

Fraction

Arginase activity (% )

Liver K idney
Subm ax-

illary
gland

Brain

H om ogenate  
N uclei (600 g, 15 m in.) 
M itochondria (12 0 0 0 ^ . 15 m in.) 
M icrosom es (105 0 0 0 ^ , 60 min.) 
Supernatant

(100)
40
24
28

7

(100)
45
35

9
4

(100)
47
35

8
3

(100)
34
49

5
4

Fractionation on DEAE-cellulose o f  extracts from  rat tissues. For each o f the 
tissues studied, chrom atography on DEAE-cellulose gave two peaks showing 
arginase activity (Fig. 2). Peak I  was from  еѵегу tissue eluted with 5 т м -tris-HCl 
buffer at nearly the same elution volume. The second peaks were eluted with а KC1 
concentration gradient, and appeared at 0.02 - 0.04 м-KCl for the submaxillary 
gland, a t 0.06 - 0.11 м for Ііѵег, and at 0.13 - 0.16 м for kidney and brain. The active 
fractions, m arked in the Figurę by solid bars just above the horizontal axis, were 
pooled and used for further experiments. The distribution of activity between the 
two arginase peaks differed rather widely. In Ііѵег, peak I  contained 70 - 80% of 
the activity recovered from the column, in kidney it represented 10 - 12%, in brain 
7 0 - 75% , and in submaxillary gland 1 5 -2 0 %  of the activity. The distribution of 
activity was highly reproducible; only in Ііѵег some variations were observed due 
to marked instability o f the enzyme present in the second peak.

A com parison of the results for rat brain with those for ox brain (Gąsiorowska 
et al., 1969) shows tha t in both cases two analogous arginase peaks were obtained, 
but the relative distribution of activity was ąuite dissimilar, in ox brain 30% of 
the activity being found in peak /  and 70% in peak II. This difference could also 
be due to  the instability of the enzyme present in peak I I  from  rat-brain extract.

To check whether the differences observed in the appearance of peaks I I  were 
not due to  interference w ith other proteins of the tissues studied, extracts from  two 
different tissues were mixed and chrom atographed together. Also in these condi- 
tions separate peaks I I  were obtained (Fig. 3).

The above results may indicate tha t in individual rat tissues two forms of arginase 
are present. One of them  seems to be com m on to all tissues studied, and the second
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Fig. 2. C hrom atography on D E A E -cellu lose o f  extracts from  rat tissues. The extract proteins 
precipitated with 0.9 am m onium  sulphate sat. were dissolved in 10 тм -М п С 12 - 5 т м -tris-H Cl 
buffer, pH  8.3, dialysed against the sam e buffer and applied to  the colum n ( 1 x 1 8  cm .). The am ount 
o f  protein applied was: 80 m g. for Ііѵег, 160 mg. for kidney, 70 mg. for subm axillary gland, and 
150 m g. for brain. T he elution was first with 5 т м -tris-H Cl buffer, pH  8.3, then with the sam e 
buffer with addition o f  а KC1 concentration gradient up to 0.3 м. Fractions o f  5 ml. were collected  
and ( • ) ,  arginase activity and (O ), protein were determ ined. The solid bars just above the hori- 

zontal axis show  which fractions were pooled  to be used in further experim ents.
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Fig. 3. The co-chrom atography on  D E A E -cellu lose colum n o f  the m ixture of: a, Ііѵег and kidney  
extracts, and b, Ііѵег and subm axillary gland extracts. For details see the legend to Fig. 2. ( • ) ,

A rginase activity; (O ), protein.
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appears to be characteristic o f the given tissue. This points to the occurrence of 
a t least four different arginase form s in the rat. Taking into account their elution 
volume, they were called: fraction А 1г found in all tissues studied; fraction A 2, 
from  submaxillary gland; A 3, from  Ііѵег; and A 4, from  kidney and brain.

Molecular weights. The m olecular weight o f arginase present in crude extracts 
from  rat tissues and of the fractions separated by DEAE-cellulose, were determined 
by Sephadex G-100 gel filtration (Fig. 4). F or purpose of com parison, a purified 
preparation of arginase from  ra t Ііѵег obtained after Bach & Killip (1961) was also 
used. In all cases the m olecular weight o f arginase was approxim ately 120 000.

Fig. 4. M olecular weight o f  arginase isoenzym es determ ined by gel-filtration on Sephadex G -100  
colum n ( 2 x 3 7  cm .). The eluting buffer was 100 т м -K C l - 10 т м -tris-H Cl, pH  7.5. Stardard 
proteins (5 m g.): 1, E ggalbum in; 2, hum an blood plasm a album in; 3, hum an y-globulin; A represents: 
the purified arginase preparation from  rat Ііѵег, the arginase present in crude extracts o f  rat Ііѵег, 
kidney, subm axillary gland and brain, and the tw o arginase isoenzym es obtained from each o f

those tissues.

Stability o f  arginase fractions on storage. To the fractions I  and I I  o f arginase, 
M nCl2 was added to a concentration o f 5 т м ,  and the whole divided into three 
portions. Two of them  were kept at -10°, and the activity determ ined, respectively, 
after two and eight days. In the third portion  (control sample) the activity was 
assayed directly. The results presented in Table 4 indicate tha t the stability of the 
fractions from  Ііѵег, submaxillary gland and brain  were very similar. The activity 
of fraction I  after 2 days at -10° was unchanged, and after 8 days only 1 0 -1 5 %  
of the activity was lost. Fractions I I  were unstable, especially tha t from  the brain. 
On the other hand, the two fractions from  kidney behaved in a ąuite different way, 
fraction /  being unstable and fraction I I  exhibiting rather high stability.
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T a b le  4

Stability o f  arginase fractions on storage at -10

Sam ples o f fractions isolated by D E A E -cellu lose colum n chrom atography and containing the indi- 
cated am ount o f  protein/m l., were frozen and kept at -10°. After 2 or 8 days the sam ples were thawed  
and the activity determ ined as described in M ethods. The results were calculated in pm oles o f  
ornithine/m g. protein/m in. In the Table, the relative activity as percentage o f  the activity determined  

directly (w ithout freezing), is presented.

Tissue Fraction

Protein in 
frozen  
sam ple  

(m g./m l.)

Activity  
(%  o f  control)

D a y  o f  storage 

2 1 8

Liver I 1.0 100 89
II 0.5 24 10

Kidney 1 0.8 24 0
II 0.9 100 85

Submaxillary gland I 0.18 96 87
II 0.08 64 26

Brain I 0.2 100 85
II 0.1 0 o

Kinetic data. The effect o f substrate concentration on the initial reaction rate 
was assayed with 1.25 - 50 шм-arginine. The approxim ate Km values determined 
from  the plots o f reciprocal velocity against reciprocal substrate concentration 
are presented in Table 5, and the Lineweaver-Burk plots for the isolated fractions 
in Fig. 5 (continuous lines). The Km values were virtually the same ranging from
3.4 to 8.0 т м ,  these differences being within the limits o f experim ental error.

T a b le  5

Michaelis constants o f  arginase fractions from  rat tissues

Tissue
K m (т м )

W hole extract Fraction I Fraction / /

Liver 5.0 ±  0.5 4.0 7.7

Kidney 4.0 ±  0.61 4.0 3.4
Submaxillary gland 3.4 ±  2.9 5.6 3.4

Brain 6.7 ±  0.7 8.0 —

In whole tissue extracts and in the isolated fractions, except Ііѵег fraction I  and 
submaxillary gland fraction II, no substrate inhibition was observed. This was 
rather surprising as Ііѵег arginase is known to be inhibited by an excess o f sub
strate and the same has been found for ox-brain arginase (Gąsiorowska et al.,
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1969). This lack of substrate inhibition could perhaps be explained by the fact 
that in the present experiments with whole extracts and with the isolated fractions 
(with the exception of Ііѵег fraction /  and submaxillary gland fraction II), arginine 
concentration in relation to the protein present in the sample was too smali.

The effect o f  lysine and ornithine. These two basie amino acids, which are known 
inhibitors of Ііѵег arginase (H unter & Downs, 1945), inhibited also the arginase 
in extracts from kidney, submaxillary gland and brain. At 5 т м  concentration, 
lysine was found to be a stronger inhibitor for the kidney and brain, whereas orni
thine for the Ііѵег and submaxillary gland enzymes. The inhibition by the two am ino 
acids was competitive, except for kidney where it was o f mixed type.

Lysine and ornithine had the same effect on the isolated fractions as they had 
on whole extracts. In Fig. 5 are presented the Lineweaver-Burk plots o f arginine 
hydrolysis by the Ііѵег, kidney and submaxillary gland fractions, and by the whole 
extract from  the brain, in the presence o f the two inhibitors (dashed lines).

D ISC U S SIO N

By DEAE-cellulose chrom atography, two arginase fractions were found in rat 
kidney, submaxillary gland and brain, similar to those reported previously for rat 
Ііѵег and ox brain (Gąsiorowska et al., 1969). The first fractions (A Ł) were eluted 
with tris buffer at the same elution volume and, when mixed, could no t be resolved 
by co-chrom atography. It can be supposed tha t these four fractions are analogous 
but further studies, especially by im m unoelectrophoretic m ethods, are reąuired. 
The second fractions were eluted by inereasing KC1 concentrations in the following 
order: submaxillary gland (A 2), Ііѵег (zf3), kidney and brain (A f). These fractions 
could be separated by co-chrom atography, each retaining its specific elution cha- 
racteristics. In this way it has been dem onstrated that at least four arginase fractions 
occur in rat tissues. They can be considered as isoenzymes, and not as active argi
nase subunits sińce their m olecular weights, determined by Sephadex G-100 gel- 
filtration, were the same as that of the unfractionated arginase present in tissue 
extracts, and am ounted to 120 000. Affinity for the substrate was also practically 
the same in all isoenzymes and ranged from  3.4 to 8.0 т м .  Prelim inary studies on 
subcellular fractions of ra t Ііѵег (unpublished data) indicate tha t m itochondria 
contain only fraction /, whereas both fraction I  and I I  occur in nuclei.

M uch smaller am ounts o f arginase were found in kidney, submaxillary gland, 
and especially in brain, than in the Ііѵег. This was to  be expected sińce those tissues

Fig. 5. Lineweaver-Burk p lots for arginase hydrolysis catalysed by the separated arginase frac
tions: ( • ) ,  uninhibited, ( Д ) ,  in the presence o f  5 т м -lysine, and (O ) , in the presence o f  5 т м -  
ornithine. The reaction mixtures were as described in M ethods and contained 1.25 - 50 т м -arginine. 
The am ounts o f  protein per assay (1 m l.) were: Ііѵег fraction I, 0.0005 m g., fraction II, 0.001 m g.; 
kidney fraction / ,  0.1 m g., fraction II, 0.1 m g.; subm axillary gland fraction I, 0.03 m g., fraction
II, 0.012 mg. The w hole brain extract used contained 1.5 mg. protein. The velocity, v, is expressed

in punoles urea/m g. protein/m in.
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Liver

1/[Anginine] (mv~1) 

F ig . 5.
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are not involved in ureogenesis, due either to  the lack of sonie enzyme(s) o f the orni- 
thine cycle or, as in kidney, to the presence of one of these enzymes in tracę am ounts. 
The function of arginase in those tissues could be expected to be limited, like in 
tissues of uricotelic animals, to the catabolism  of arginine. However, the arginases 
occurring in tissues which do not participate in biogenesis of urea, were found 
to differ from  the arginases present in Ііѵег of the uricotelic chicken and lizard which, 
as reported by M ora, Tarrab, M artuscelli & Soberón (1965), had a Km o f 100 - 200 т м  
and molecular weight 270 000.
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IZ O E N Z Y M Y  A R G IN A Z Y  W  T K A N K A C H  S Z C Z U R A

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

1. A ktyw ność arginazy w  przeliczeniu na gram świeżej tkanki jest w m ózgu 1000 razy niższa, 
a w nerce i śliniance 30 razy niższa n iż w  wątrobie.

2. Stw ierdzono, że arginaza z w ątroby m a jed no  optim um  aktyw ności przy pH  9,5 , natom iast 
enzym  z  innych tkanek — dwa optim a przy pH  7,5 i 9,5.

3. W e wszystkich badanych tkankach podczas chrom atografii na D E A E -celu lozie  stw ierdzono  
obecność dw óch frakcji arginazy. Pierwsze frakcje w ym yw ały się buforem  tris i n ie rozdzielały  
się podczas ko-chrom atografii; drugie frakcje wym yw ały się przy różnych stężeniach KC1 i rozdzie
lały się podczas ko-chrom atografii.

4. Ciężar cząsteczkow y, oznaczony sączeniem  na żelu Sephadex G -100, w ynosił dla enzym ów  
obecnych w  wyciągach tkankow ych, jak  rów nież dla izoenzym ów  120 000. W artości K m były tego  
sam ego rzędu i w ynosiły od  3,4 do 8,0 т м .

R eceived 16 A ugust, 1969.
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C E L IN A  J A N IO N , B A R B A R A  Ż M U D Z K A  and D . S H U G A R

THE PREPARATION OF 2 -O-METHYLCYTIDINE-5 -M ONO AND  
PYROPHOSPHATE, AND POLY-2 -O-METHYLCYTIDYLIC ACID

Institu te ofB ioch em istry  and Biophysics, Polish A cadem y o f  Sciences, ul. R akow iecka 36, W arszawa 12; 
D epartm ent o f  R adiobiology, Institu te o f  Oncology; and D epartm ent o f  B iophysics, U niversity

o f  W arsaw, W arszawa

1. 2 '-O M eth y lcy tid in e  w as converted on a preparative scalę to 2 '-0 -m ethylcytid in e-  
5'-phosphate with the aid o f  w heat sh oot nucleoside phosphotransferase. 2. Chem ical 
procedures were then em ployed to convert 2 '-0-m ethylcytid in e-5 '-p h osp h ate to  
the 5'-pyrophosphate. 3. The 5'-phosphate o f  2 '-O m eth y lcy tid in e  was quantitatively  
dephosphorylated by the 5'-nucIeotidase in Ѵірегіа am m odytes  venom . 4. The 
5'-pyrophosphate o f  2 '-0 -m ethylcytid in e proved to be a substrate o f  polynucleotide  
phosphorylase from  M icrococcus lysodeik ticus and Escherichia coli. 5. A n  essential 
reąuirem ent for polym erization was the replacem ent o f  norm ally em ployed M g 2 +  
cation by M n 2 +  . 6. The poly-2 '-0 -m eth ylcytid y lic  acid obtained exhibited sedim en- 
tation constants as high as 14.1 at neutral pH , and was hydrolysed to  m onom ers  
by a m ixture o f  snake ѵ е п о т  phosphodiesterase, m icrococcal nuclease and E. coli 
alkaline phosphatase. 7. Even in the presence o f  M n2 + , thym idine-5'-pyrophosphate  
was inert towards polynucleotide phosphorylase, again confirm ing the specificity  
o f  the enzym e for the ribose m oiety.

The occurrence of 2 '-0 -m ethyl (г '-О -М е)1 ribonucleosides in naturę is by 
no means uncom m on. They are found in tR N A  (Hall, 1964) and in the rR N A  of 
bacterial (Nichols & Lane, 1967), yeast (Isaksson & Phillips, 1968) and mamma- 
lian (W agner, Penman & Ingram , 1967; Lane & Tam aoki, 1969) cells. The rhapido- 
somes from  a variety of flexibacterial strains have been reported to contain an 
RNA highly m ethylated on the ribose, in a m anner claimed to be non-random , 
with the degree of m ethylation as high as 85% (Correll & Lewin, 1964; Correll,
1968); bu t independent confirm ation of this has no t yet been forthcom ing.

1 The fo llow ing non-usual abbreviations are em ployed in this text: 2 '-0 -M e C ,  2'-ć>-methyl- 
cytidine; 2 '-0 -M eC M P , 2 '-0 -m ethylcytid ine-5'-phosphate; 2'-ć>-M eC D P, 2 '-0-m ethylcytid ine- 
5'-pyrophosphate; 2 '-0 -M e A D P , 2 '-0-m ethyladenosine-5'-pyrophosphate; p o ly -2 '-0 -M eC , 
poly-2 '-O m ethylcytidy lic  acid; роІу-г^О -М еА , p o ly-2'-0-m ethyladenylic acid; R N ase, ribo- 

nuclease.
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As might be anticipated, the 2 '-0-m ethyl substituents confer resistance to  ribo- 
nucleases which hydrolyse ribonucleotide linkages via 2 ',3'-cyclic phosphate inter- 
mediates. It is conseąuently worthy of note that the presence has been reported 
in Anacystis nidulans o f a “2 '-0 -M e  R N ase” which appears to be relatively specific 
for phosphodiester linkages containing a 2 '-0 -M e  substituent (N orton & Roth,
1967). Confirm ation of this finding is highly desirable, the more so in that phospho
diester bonds with a 2 '-0 -M e  substituent are hydrolysed only with difficulty by 
snake venom phosphodiesterase (G ray & Lane, 1967) and m icrococcal nuclease 
(R ottm an & Henlein, 1968).

The 2'-hydroxyl in RN A  has been im plicated in various ways as a factor affec- 
ting polynucleotide structure, via hydrogen bonding to a base residue or to a neigh- 
bouring phosphate oxygen (e.g. see Ts’o, R apaport & Bollum, 1966); but these 
hypotheses are largely speculative (Żm udzka, Bollum & Shugar, 1969), based on 
little or no direct experim ental evidence. Blocking o f the 2'-hydroxyls in either 
a natural or synthetic polyribonucleotide m ight be expected to  provide some direct 
evidence for the role o f the 2 '-O H  in the secondary structure o f such polymers. 
One attem pt at such a procedurę was reported fairly recently, tha t o f K norre & Sha- 
movsky (1967), who acetylated the 2 '-O H  groups in synthetic poly-rA  and poly-rU 
and then examined the naturę o f the complexes form ed by the acetylated chain 
of one o f the polymers w ith the potentially com plem entary non-acetylated chain 
o f the other. Their findings are, however, subject to  considerable uncertainty be- 
cause of the only partial naturę of the acetylation reaction, and the lability of the 
O-acetyl groups, as well as the ir bulkiness, which might be expected to introduce 
appreciable steric or other hindrances.

It is elear tha t the preparation of hom opolym ers containing exclusively phospho
diester linkages with 2 '-0 -m ethy l substituents should m ake available more useful 
models for investigations on the physico-chemical and biological properties of the 
2'-hydroxyl. Because of the specificity o f polynucleotide phosphorylase with respect 
to the sugar residue, this appeared for some tim e to  be a form idable task. The de- 
m onstration by R ottm an & Henlein (1968) th a t 2 '-0 -M eA D P  is polymerized, albeit 
very slowly, by polynucleotide phosphorylase led us to  attem pt the synthesis of 
poly-2 '-0-M eC .

The present com m unication describes the preparation o f 2 '-0-M eC M P, 
2 -0 -M e C D P  and poly-2'-D-M eC with some of their properties. A dditional pro
perties o f the la tter are briefly described elsewhere (Żm udzka, Janion & Shugar,
1969).

R E SU L T S A N D  D 1SC U SSJO N

2 '-O-M ethylcytidine. The synthesis o f this com pound, which was kindly provided 
by Dr. С. B. Reese, has been described elsewhere (M artin, Reese & Stephenson,
1968). Its absorption  spectrum  at various pH  values is shown in Fig. 1, based on
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the m olar extinction value measured in 0.1 N-HC1 by M artin et al. (1968). Spectral 
titra tion  at several wavelengths over the rangę pH 2 to 7 (not shown in the Figurę) 
led to a p Ka for protonation  of the ring N (3) nitrogen of 4.10. This is to  be com- 
pared with the value for cytidine itself, under the same conditions (22°), o f 4.1 
(Fox & Shugar, 1952). Note also that the spectrum  at pH 14 differs from  that at

Fig. 1. A bsorption  spectrum  o f 2 ' -0 -  
m ethylcytidine at various pH values 
indicated. Spectral titration at several 
w avelengths betw een pH  2 and 7 (not 
show n in Figurę) gave a pK a for proto
nation o f the ring N (3) nitrogen o f  4.09.

pH 7 -1 3  due, as in the case of cytidine (Fox & Shugar, 1952) to dissociation of the 
(in this instance only the 3'- and /or 5'-) sugar hydroxyls.

Synthesis o f  2 ’-O-methylcytidine-5'-mono- and 5 '-pyrophosphate. Because of the 
limited am ount o f starting m ateriał, 2 '-0 -M eC , available, it was felt that phosphory- 
la tion  by some enzymie procedurę would be most advantageous.

It was, in fact, found in preliminary trials tha t 2 '-0 -M eC  was a reasonably good 
substrate for wheat shoot nucleoside phosphotransferase; and, with the aid of the 
procedurę described by Barner & Cohen (1959), using a large excess of p-nitrophe- 
nylphosphate as phosphate donor, 2 '-0 -M eC M P  was routinely obtained in yields 
o f the order o f 50% with respect to the nucleoside. In all probability, even this 
yield could be im proved upon. However, sińce isolation of the phosphorylated 
derivative by ascending chrom atography on thick paper perm itted the simultaneous 
гесоѵегу of unreacted nucleoside, no further a ttem pts in this direction were m ade. 
Furtherm ore, while paper chrom atography proved reasonably convenient for iso
lation of the product o f phosphorylation, and гесоѵегу o f unreacted nucleoside 
w ith the am ount of substrate available to us (about 100 mg.), scaling up of the pro 
cedurę to larger ąuantities would undoubtedly cali for the use of column chrom ato
graphy.

The eluted am m onium  salt o f 2 '-0 -M eC M P  was then chemically converted to 
the m orpholidate in about 90%  yield by modification of the procedurę of M offatt 
& K horana (1961).

The m orpholidate, in turn, was converted to the 5 '-pyrophosphate essentially 
as described by M offatt & K horana (1961). But separation of the 2 '-C -M eC D P
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product was carried out by column chrom atography on DEAE-cellulose (carbonate 
form), which perm itted of the simultaneous elimination from  the potential substrate 
of inorganic phosphate, to give the trisodium  salt o f the 5 '-pyrophosphate in about 
75% yield with respect to the m orpholidate. This was dissolved in water at a con- 
centration of about 100 mg./ml. and precipitated by addition of 3 vol. ethanol 
in the cold. For reasons no t entirely elear (but probably involving the гетоѵ аі 
of some inhibitor o f polynucleotide phosphorylase), this precipitation step proved 
to  be essential in obtaining a substrate which could be polymerized.

Enzymie dephosphorylation o f  2 '-O-methylcytidine-5'-phosphate. It has been 
reported by Honjo, Kanai & Furukaw a (1964) tha t 2 '-0-m ethylurid ine-5 '-phosphate 
is resistant to the 5'-nucleotidase present in buli semen and snake ѵ еп о т  (Agkistro- 
don halys blomhoffi Boie); and, although no additional experimental data  were 
given, it was implied tha t other 2'-<9-methylribonucleoside-5'-phosphates were 
eąually resistant to this enzyme.

However, when 2 '-0 -M eC M P  was subjected to the action of an excess o f Ѵірегіа 
ammodytes ѵ епот, which exhibits very Iow non-specific phosphom onoesterase 
activity, it was completely dephosphorylated, albeit at a slower rate than  5 '-CM P, 
but under conditions where 2 '(3 ,)-(TMP was unaffected. The course of the reaction 
with all three com pounds was followed by paper chrom atography (Table 1). We 
are at a loss as to the source of the difference in our findings as com pared to those 
of Honjo et al. (1964). It appears ra ther unlikely that we are dealing with some diffe
rence in enzyme specificities. Nonetheless, it may ргоѵе useful to  ех атіп е  the be- 
haviour o f 2 '-0 -M eC M P  tow ards enzymes from other venoms.

Polymerization o f  2 '-O-methylcytidine-5'-pyrophosphate. Initial attem pts to poly- 
merize 2 '-0 -M eC D P  by standard procedures, with the aid of polynucleotide phospho
rylase preparations from  Micrococcus lysodeikticus (M atthaei et al., 1967) and 
Escherichia coli (Kimhi & Littauer, 1968), were unsuccessful despite the application

T a b le  1

RF values fo r  some cytidine nucleotides

A scending chrom atography on W hatm an paper no. 1 and the fo llow ing solvent system s (all pro- 
portions, by vol.) were applied: A , isopropanol -1  % am m onium  sulphate (3:2); B, isobutyric acid - 
1 m - N H 4O H - 0 . 1  m -EDTA, pH  8.2 (100:60:1 .6); C, isopropanol - conc. N H 4O H  - H 20  (7 :1 :2 );

D, ethanol - 1 м-am m onium  acetate (5:2).

C om pound
Solvent system

A В С D

Cytidine — — 0.58 0.60

Cytidine-2 '(3 ')-phosphate - — 0.07 0.15

Cytidine-5 '-phosphate - — 0.05 0.10
2'-0-M eth ylcytid in e 0.87 0.88 0.85 0.83
2 '-O -M ethylcytidine-5 '-phosphate 0.73 0.65 0.24 0.24
2'-0-M ethylcytid ine-5'-pyrophosphate 0.64 0.47 — —
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of a wide variation in reaction conditions. W ith the M . lysodeikticus enzyme, how- 
ever, it was noted tha t polymerization of A D P was appreciably inhibited by an 
equim olar concentration of 2 '-0 -M eC D P, suggesting some affinity of the latter 
for the enzyme.

Polymerization was then examined on replacement of the M g2+ cation, normally 
employed in this reaction, by M n2 + . It was found in this way tha t the polymeriza
tion  reaction, although as slow as that reported with 2 '-0 -M eA D P  as substrate 
(R ottm an & Henlein, 1968), proceeded readily in the presence of M n2+ with both 
enzymes. The use of this cation necessitated a smali decrease in the pH of the incuba
tion medium with the M . lysodeikticus enzyme to  reduce its degree of oxidation. 
Reaction conditions were then selected by trial (see Experimental, below) to give 
polym erizations of the order of 60 % of the substrate on incubation at 37° for 48 hr.

The incubation mixture was then brought to boiling to term inate the reaction 
and to precipitate some of the M n2+ and protein, subjected to deproteinization 
by phenol treatm ent, isolated free from  m onom er (which was recovered) by passage 
through a Sephadex G-50 column, and finally dialysed exhaustively against salt, 
EDTA and water, and lyophilized. The оѵегаіі yield of polymer, with respect to 
substrate, following lyophilization usually exceeded 55%.

Sedimentation constant and enzymie hydrolysis. The sedim entation constant, 
*$20,w, o f poly-2 '-0-M eC  at approxim ately neutral pH  in the presence of 0.15 M-Na+ 
and 0.05 м-phosphate buffer (pH 6.5) or tris buffer (pH 8.0) varied from  9.0 to  14.1 
for different preparations.

Treatm ent of the polymer with a mixture o f snake venom phosphodiesterase, 
micrococcal nuclease and alkaline phosphatase at pH 9, as described by Rottm an 
& Henlein (1968) for poly-2 '-0-M eA  resulted in slow hydrolysis to nucleosides, 
the accompanying hyperchromicity at the absorption m aximum am ounting to 
37% (Fig. 2) as com pared to 38% for poly-rC after RNase treatm ent. The modi-

Fig. 2. A bsorption spectrum o f  p o ly -2 '-0 -  
m ethylcytidylic acid at neutral pH
(---------------- ) prior to and ( ---------------- )
follow ing enzym ie hydrolysis to  m ono- 
mers. H ydrolysis cond itions: 0.1 м-tris 
buffer, pH  9.0, and 0.015 M-MgCl2, 
with 0.15 mg. snake venom  phospho
diesterase, 0.015 m g. m icrococcal nuclease  
and 0.1 mg. E. coli alkaline phosphatase  
(cf. R ottm an  & Henlein, 1968). Incubation  
for 20 hr. at 37°. Control contained all 
com ponents with exception o f  polymer.

fications in absorption spectrum on hydrolysis, particularly in the region 285 - 300 
m|i, are also similar to  those accom panying enzymie hydrolysis o f poly-rC.

Specificity o f  polynucleotide phosphorylase. This enzyme has been generally 
regarded as highly specific for the ribose moiety (G runberg-M anago, 1963). But the
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fact tha t both 2 '-0 -M eA D P  (R ottm an & Henlein, 1968) and 2 '-0 -M eC D P  are 
suitable substrates might appear, a t first sight, to raise some doubts as to the validity 
of this conclusion. Furtherm ore, it should be recalled that, on replacement of 
M g2+ by M n2 + , D NA polymerase will incorporate nTwnucleoside triphosphates 
into a growing chain (Berg, Fancher & Chamberlin, 1963), although no interpreta- 
tion for this striking observation has been forthcom ing.

In view of the foregoing, thym idine-5'-pyrophosphate was examined as a poten- 
tial substrate with both  the M. lysodeikticus and E. coli polynucleotide phosphory- 
lases, in the presence o f M n2 + . The results were entirely negative, in agreement 
with the specificity of the enzyme towards the ribose moiety.

It would clearly be desirable to ехатіп е  in greater detail the cation reąuirem ents 
and the kinetics of the polymerization reaction for this enzyme. Pertinent to this 
is the previously reported observation that polym erization of rG D P to poly-rG  is 
apparently more effective in the presence of M n2+ than Mg2+ (Thang, Grafie 
& G runberg-M anago, 1965).

The specificity o f polynucleotide phosphorylase with respect to the base residue 
is, by contrast, fairly broad. There is, on the other hand, at least one puzzling ехсер- 
tion , e.g. 5-ethyluridine-5'-pyrophosphate is slowly polymerized, but in good yield, 
by the enzyme from  E. coli, but no t by tha t from  either M. lysodeikticus or Azoto- 
bacter vinelandii (Świerkowski & Shugar, 1969). A similar situation appears to pre- 
vail with regard to 5,6-dihydrouridine-5'-pyrophosphate.

E X P E R 1M E N T A L

2'-0-M ethylcytidine (M artin et al., 1968) was a gift from  Dr. С. B. Reese. 
2 ' ( 3 ' ) - C M P  and 5 '-C M P were products o f Sigma Chemical Co. (St. Louis, M o., 
U.S.A.). The sodium salt o f p-nitrophenylphosphate was a B.D.H. (Poole, England) 
product. Snake ѵ еп о т  phosphodiesterase, micrococcal nuclease and E. coli alkaline 
phosphatase were obtained from W orthington (Freehold, N. J., U.S.A.). The 
source of 5 '-nucleotidase was Ѵірегіа ammodytes lyophilized ѵ еп от, provided 
through the courtesy o f Dr. M aria Drakulic (Institute o f N uclear Studies, Zagreb, 
Yougoslavia), and selected because of its extremely Iow content o f non-specific 
phosphom onoesterase. We are indebted to Dr. U. Z. L ittauer o f the W eizmann 
Institute for a purified sample of E. coli polynucleotide phosphorylase (Kimhi 
& Littauer, 1968) and to Dr. H. M atthaei for a sample of the M. lysodeikticus 
enzyme (M atthaei et al., 1967).

M ost o f the spectral m easurements were perform ed with a U nicam  SP-500 
instrum ent. Some of the spectral curves, e.g. for titra tion  o f 2 '-0-m ethylcytidine 
(Fig. 1), were run on a Unicam  SP-800 recording instrum ent. Sedim entation constants 
were obtained with the aid of a Beckman M odel E ultracentrifuge with ultraviolet 
optics. For control and measurem ent of pH , a R adiom eter PHM -24 instrum ent 
w ith a semi-micro glass electrode was utilized.

2 '-O-M ethylcytidine-5'-phosphate. The nucleoside phosphotransferase enzyme 
was prepared essentially as described by Barner & Cohen (1959). Young ( 5 - 7
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days) wheat shoots, derived from  seeds cultivated in the dark, were chopped up 
and a suspension of about 1 g. in 10 ml. w ater homogenized at high speed. The 
hom ogenate was centrifuged to  give a elear sofution, which served as the source 
of enzyme. The protein content o f the enzyme solution was determ ined spectrally 
according to Kalckar (1947). This preparation is very stable and exhibited no loss 
in activity after storage at -40° for more than  a year.

Phosphorylation of 2 '-0 -M eC  was carried out portionwise in a m edium which 
contained, in a to tal volume o f 5.5 m l.: 30 mg. (about 0.115 m-mole) 2 '-0 -M eC ; 
670 mg. (2 m-moles) p-nitrophenylphosphate; 2 ml. 0.2 м-acetate buffer, pH  5.2;
2.5 ml. enzyme solution (protein content 6.8 mg.). Incubation was usually for 
18 hr. a t 37°. The progress o f the reaction was followed by гетоѵ аі at various time 
intervals of 10 pi. aliąuots, which were subjected to  ascending chrom atography 
on W hatm an paper no. 1 with solvent system С  o f Table 1. In  this system the R F 
values o f 2 '-0 -M eC  and 2 '-0 -M eC M P  were 0.85 and 0.25, and the corresponding 
values for /7-nitrophenylphosphate and p-nitrophenol 0.61 and 1.0. The nucleoside 
and nucleotide spots, following location under a dark  UV lam p, were eluted with 
eąual volumes of 0.1 N-HC1. Assuming the extinction coefficients o f the nucleoside 
and nucleotide to be identical, the reaction yield under the above conditions was 
usually about 45 - 50%.

For preparative purposes, the entire reactkm  volume was streaked on to W hatm an 
paper no. 3M M , about 1 ml. per 100 cm. Following ascending chrom atography 
with the same solvent for 48 hr. at 18°, the strips containing the nucleoside and nucleo
tide were cut out and extracted with water. The unreacted nucleoside was collected 
and used in a subseąuent phosphorylation reaction. The solution of the am m onium  
salt o f the eluted m ononucleotide was finally lyophilized.

Susceptibility o f  2 '-O-methylcytidine-5'-phosphate to 5'-nucleotidase. The source 
of 5'-nucleotidase was the lyophilized Ѵірегіа ammodytes ѵ епот, the non-specific 
phosphom onoesterase level o f which is very Iow. The incubation m edium contained 
5 mg./ml. substrate and 5 mg./ml. snake ѵ еп о т  in 0.05 м-borate buffer, pH  8.9, 
and 0.01 M-MgCl2. Under these conditions, 2 '-0 -M eC M P  was completely dephospho- 
rylated in 18 hr. at 37°. At 22°, dephosphorylation was 60%  complete in 18 hr., 
during which period 5 '-C M P was completely dephosphorylated, whereas 2 '(3 ')-C M P 
was not noticeably affected. D ephosphorylation was followed in all instances by 
paper chrom atography, the R F values of the various relevant com pounds being 
presented in Table 1.

2'-0-Methylcytidine-5'-phosphoromorpholidate. The am m onium  salt of 2 '-0 -  
M eCM P, 0.21 m-mole (estim ated spectrally), was dissolved in 5 ml. w ater and 
treated with 100 mg. Dowex 50W X8 (H +), 200/400 mesh, the to ta l capacity of 
which was 5 mEq/g. Transform ation of the am m onium  salt o f the nucleotide to 
the free acid resulted in some turbidity, which was removed by addition of water, 
following which the resin was filtered off. A spectral control showed th a t all the 
nucleotide was in the filtrate. The latter was brought to dryness, 70 pl. m orpholine 
(freshly distilled) added to the residue, and the whole dissolved in 2 ml. w ater and
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2 ml. tert.-butanol. The solution was heated under reflux, and 165 mg. of dicyclo- 
hexylcarbodiimide in 3 ml. ter/.-butanol added оѵег a period of 4 h r ., following 
which heating was continued for an additional 4 hr. A chrom atographic control, 
using solvent system C, exhibited a single spot corresponding to the m orpholidate 
and disappearance of 2'-(9-M eCM P. The solution was brought to room  tem peraturę, 
5 ml. water added, the resulting precipitate filtered off, and the filtrate brought 
to smali volume and extracted three times with ether. Spectral assay dem onstrated 
the presence of 0.19m -m ole (90%  yield) o f the m orpholidate of 2 '-0-M eC M P.

2 '-O -M ethylcytidine- 5 '-pyrophosphate. 2'- O-M ethylcytidine-5'- phosphorom or- 
pholidate (4-morpholine A,A '-dicyclohexylcarboxamidine salt), 0.19 m-mole, was 
dried by three distillations from  3-ml. portions of anhydrous pyridine. In a sepa- 
rate Container, 0.6 m-mole (41 pl.) o f 85% orthophosphoric acid and 0.6 m-mole 
(143 pl.) o f distilled tri-/7-butylamine was dried by four distillations from 3-ml. 
portions of anhydrous pyridine, the residue dissolved in 2 ml. anhydrous pyridine, 
combined with the solution of the m orpholidate, and the mixture left at room  tem pe
raturę for 4 days. Chrom atography with solvent system С dem onstrated the dis
appearance of the m orpholidate, the presence of traces of 2 '-0-M eC M P, and a 
strongly intense spot corresponding to 2 '-0-M eC D P.

The pyridine solution was brought to  dryness under reduced pressure and traces 
o f pyridine removed by distillation from  water. The residue was dissolved in 30 ml. 
water, the cyclohexylurea precipitate filtered off, and the solution deposited on 
a 2 .9 x 2 3  cm. colum n of DEAE-cellulose (carbonate form , with a to tal capacity 
of 0.7 mEq/g. dry mass). The column was first washed with 1 litre water, and elu- 
tion then conducted with a linear concentration gradient o f triethylam m onium  bicar- 
bonate (formed from  1.31. o f а 0.005 м solution and 1.31. o f а 0.3 м solution). 
Fractions of 15 - 17 ml. were collected at intervals of 4 - 5 min. Traces of the m orpho
lidate and the 5'-m onophosphate were removed at buffer concentrations of 0.075 м to 
0.11 m , and the 5 '-pyrophosphate in the rangę 0.11 м to 0.175 м. Inorganic phos
phate, determined by the m ethod of Fiske & Subbarow (1925), was partially eluted 
along with the 5'-m onophosphate, but disappeared before the 5 '-pyrophosphate 
peak was reached. The fractions containing the 5 '-pyrophosphate (0.14 m-mole 
by spectral estimation) were pooled, and brought to dryness under reduced pressure 
at 38°. Triethylam m onium  bicarbonate was then removed by three distillations 
from  20 ml. portions of methanol. The residue was dissolved in 3 ml. m ethanol, 
to which was added 0.7 ml. o f 1.0 м-N aI in acetone, and 50 ml. acetone added to 
give a precipitate. The precipitate was centrifuged off and washed with three 20-ml. 
portions of acetone. The dried precipitate am ounted to  70 mg., which corresponds 
to 0.14 m-mole as the trisodium  salt with 2 molecules of water o f hydration (74% 
yield with respect to m orpholidate). The product was chrom atographically homo- 
geneous with solvents В  and C.

It should be emphasized tha t the product was active as a substrate for poly
nucleotide phosphorylase only after ethanol precipitation from  a concentrated 
aąueous solution. To 20 mg. of 2'-(9-M eCDP dissolved in 200 pi. water, and centri-
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fuged to гешоѵе a slight turbidity, was added about 3 vol. ethanol. The product 
was collected by centrifugation (yield ~  90%).

Poly-2'-O-methylcytidylic acid. For the polym erization on a larger scalę the 
M . lysodeikticus enzyme was used. The course of polymerization was followed by 
paper chrom atography, based on disappearance of substrate, using solvents A  and 
B \ and by appearance o f an absorbing product at the start.

A pplication of optim al polymerization conditions suitable for a variety of ribo- 
nucleoside-5'-pyrophosphates gave completely negative results with 2 '-0-M eC D P. 
N o improvement was forthcom ing from  a variation in pH  over the rangę 8.5 to 
10, a twofold increase or up to a tenfold decrease in concentration of substrate, 
or a twofold increase or up to a tenfold decrease in M g2+ concentration. Variations 
in incubation tem peraturę were likewise w ithout effect. Only on replacement of 
M g2+ by M n2+ was any polymerization observed. The use of this cation necessi- 
ta ted  a smali decrease in the pH  of the incubation medium to reduce its degree of 
oxidation. After a num ber o f trials, the incubation medium settled on was as follows: 
0.7 pmole 2 '-D -M eC D P; 30 pl. 0.5 м-tris buffer, pH  8.5; 40 pi. 0.025 M -M nS04; 
4 pl. 0.01 M -Na-EDTA; 10 |il. 0.01 M-NaH3; 10 |il. o f the M . lysodeikticus enzyme; 
and water to a to ta l volume of 100 pl. Incubation was at 37°, and up to  60 % substrate 
was incorporated into polymer in periods ranging from  24 to 48 hr.

The reaction was term inated by immersion of the reaction vessel in a boiling- 
water bath  for 2 min., which resulted also in precipitation of some protein and 
manganese. This was removed by centrifugation and washing of the precipitate. 
The polymer solution was then subjected to three deproteinizations with freshly- 
distilled, neutralized phenol, and the aąueous phase reduced in volume under Iow 
pressure at 25° so that the polymer concentration was about 3 - 4  mg./ml. This 
was deposited on a 2.1 x 60 cm. colum n of Sephadex G-50 (coarse) and the polymer 
fraction eluted with 0.05 м-triethylam m onium  bicarbonate and brought to dryness. 
It was then dissolved in water and dialysed successively against decreasing NaCl 
concentrations, EDTA and finally water, then lyophilized. The finał yield, on a molar 
basis with respect to substrate, was 55% from  an incubation mixture which included 
10 mg. substrate.

Enzymie degradation o f poly-2'-O-M eC was carried out as described in the 
legend to  Fig. 2.

We are deeply indebted to Dr. С. B. Reese, whose gift o f 2'-(9-methylcytidine 
made this investigation possible; to Dr. H. M atthaei and Dr. U. Z. Littauer for the 
samples o f polynucleotide phosphorylase from  M. lysodeikticus and E. coli, res- 
pectively, and to  Mr. H. Sierakowski for measurements of sedim entation constants. 
This study profited from  the support o f the Wellcome Trust, the W orld Health 
Organisation, and the Agricultural Research Service, U.S. Dept. o f Agriculture 
(UR-E21-(32)-30).
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O T R Z Y M A N IE  5 -M O N O  I P IR O F O S F O R A N U  2 -O -M E T Y L O C Y T Y D Y N Y  O R A Z  
K W A S U  P O L I-2-O -M E T Y L O C Y T Y D Y L O W E G O

S t r e s z c z e n ie

1. Poprzez enzym atyczną fosforylację 2 '-0 -m etylocytydyny fosfotransferazą nukleozydow ą  
z  siewek pszenicy otrzym ano 5'-fosforan 2 '-O-m etylocytydyny.

2. N astępnie na drodze przekształceń chem icznych z 5'-fosforanu 2 '-0 -m ety locytyd yn y  
otrzym ano 5'-pirofosforan 2 '-0 -m etylocytydyny.

3. 5 '-Fosforan 2'-0 -m ety locytyd yn y jest ilościow o defosforylow any przez 5'-nukleotydazę  
Ѵірегіа am m odytes.

4. Stw ierdzono, że 5'-pirofosforan 2'-ć>-m etylocytydyny jest substratem  dla fosforylazy  
polinukleotydow ej z M icrococcus lysodeik ticus  i Escherichia coli.

5. Istotnym  warunkiem  polim eryzacji było zastąpienie jo n ó w  M g2+ , jonam i M n 2  +  .
6 . Otrzymany kwas 2 '-0 -m ety locytyd ylow y posiadał w pH obojętnym  w ysoką stałą sedy

m entacji — 14.1, a pod wpływem  m ieszaniny fosfodiesterazy jadu węża, nukleazy m ikrokokalnej 
i fosfatazy alkalicznej E. coli, był hydrolizow any do nukleozydów .

7. 5'-Pirofosforan tym idyny naw et w obecności M n2+ nie był substratem  dla fosforylazy  
polinukleotydow ej, co  potw ierdza raz jeszcze specyficzność enzym u dla części cukrow ej.

Received 6  Septem ber, 1969.
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STABILIZATION OF ISOLEUCYL-tRNA SYNTHETASE FROM YELLOW  
ŁUPIN SEEDS BY TRANSFER RNA

D epartm ent o f  B iochem istry, C ollege o f  Agriculture, ul. W ołyńska 35, Poznań

Iso leucy l-tR N A  synthetase from  yellow  łupin seeds is protected against thermal 
inactivation at 50° by łupin tR N A . The stabilization is due to isoleucine-specific  
tR N A ; other tR N A  species are inactive. H eterologous tR N A ’s, from  yeast and
E. coli cells, stabilize the enzym e to a m uch sm aller extent. The presence o f  M g2 + ,
C a 2+ ions, or even Sr2+ which is inactive in the tR N A  am inoacylation reaction, is 
reąuired for the protective action o f  tR N A lle. This may indicate that the divalent 
cations have a stabilizing effect on tertiary conform ation o f  tR N A , indispensable 
for form ation o f  tR N A  - enzym e com plexes.

One of the crucial reactions in protein synthesis is a highly specific, two-stage 
transfer of an amino acid to  RN A , catalysed by an am inoacyl-tR N A 1 synthetase 
(am ino acid : tR N A  ligase (AMP)). This key process has no t been fully elucidated 
and therefore data  concerning all interactions of these enzymes with their substrates 
and the form ation of interm ediates may contribute to  better understanding of this 
reaction.

Several authors have reported on the isolation of enzyme - aminoacyl - AM P 
complexes (Allende, M ora, G atica & Allende, 1965; Lagerkvist, Rymo & W alden- 
strom , 1966; Chousterm an, Sorino, Stone & Chapeville, 1968; Hirsch, 1968; 
Rouget & Chapeville, 1968), the protein com ponents of which appear to the stabi- 
lized against heat inactivation (Chuang, Atherly & Bell, 1967; Rouget & Chapeville, 
1968). Also the form ation of synthetase comolexes with corresponding tR N A ’s 
is well docum ented (Lagerkvist et al., 1966; O kam oto & K aw ade, 1967; Yarus 
& Berg, 1967; Seifert, Nass & Zilling, 1968). However, in the one so far investigated 
case, yeast seryl-tRNA synthetase was not protected against therm al inactivation 
by its specific tR N A  (M akm an & Cantoni, 1966). As the phenom enon of stabiliza
tion of enzymes by their substrates is very often observed, it m ight be supposed 
tha t some of the synthetases will be stable at higher tem peratures in the presence 
of their specific tR N A ’s.

1 A bbreviations used: rR N A , ribosom al R N A ; tR N A , transfer R N A ; tR N A Ile, isoleucine- 
specific tR N A ; tR N A Lys, lysine-specific tR N A ; G SH , reduced glutathione.
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In our studies we have found th a t therm al inactivation of isoleucyl-tRNA synthe- 
tase of plant origin is partly оѵегсоте by tR N A Ile. The factors affecting this 
protection are described in the present report.

M A T E R IA L S A N D  M E T H O D S  

Materiał

Uniformly labelled L-[14C]isoleucine, 79.3 mc/m-mole, L-[14C]leucine, 78 
mc/m-mole, and L-[14C]lysine, 88.5 mc/m-mole, were obtained from the Institute 
for Research, Production and Application of Radioisotopes (Prague, Czechoslo- 
ѵакіа); DEAE-cellulose DE 11 was a product of W. & E. Balston Ltd. (M aidstone, 
Kent, England); ATP was from  Carl R oth (K arlsruhe, West Germany) and was 
neutralized with tris before use; 2-m ercaptoethanol was from  Koch-Light Lab. 
Ltd. (Colnbrook, Bucks., England), glutathione from  Sigma Chem. Co. (St. Louis, 
M o., U .S.A.); tris(hydroxym ethyl)am inom ethane was a product o f British Drug 
Houses Ltd. (Poole, Dorset, England); 2,5-diphenyloxazole (PPO) was from  Reanal 
(Budapest, Hungary) and l,4-bis-2-(5-pheny!oxazolyl)-benzene (POPOP) from  
Calbiochem. (Los Angeles, Calif., U.S.A.).

t RNA from  Escherichia coli В and tR N A  from  yeast were purchased from  Schwarz 
Bioresearch Inc. (Orangeburg, N .Y ., U.S.A.). Yellow łupin seed tR N A  was isolated 
as described by Legocki, Szymkowiak, Wiśniewski & Pawełkiewicz (to be published); 
the crude preparation extracted with N aC l contained 4%  of isoleucine-specific 
tR N A , and after DEAE-Sephadex colum n chrom atography, about 20%. The highly 
purified preparationscontained, respectively, 83% o f tRNA*{e and 75% of tR N A Lys.

Ribosomal RN A  was the first fraction o f yellow łupin seed RN A  from  Sephadex 
G-200 column (Legocki, Szymkowiak, Pech & Pawełkiewicz, 1967).

Methods

Isolation o f  isoleucyl-tRNA synthetase from  yellow łupin seeds. All operations 
were carried out at 0 - 4°. Yellow łupin meal, 67 g., was treated for 30 min. with 
200 ml. o f 0.1 м-potassium -phosphate buffer, pH  7.6, containing 0.4 м-sucrose,
1 mM-MgCl2 and 1 т м -2 -m ercaptoethanol. The slurry was pressed through cheese- 
cloth, adjusted with diluted K O H  solution to  pH  7.4, and centrifuged for 20 min. 
at 60 000 g. To the supernatant containing about 6 m-units o f enzyme activity/mg. 
o f protein, was added 20%  solution of streptom ycin sulphate neutralized with 
K 2H P 0 4 solution. To 20 vol. o f the supernatant, 1 vol. o f streptom ycin sulphate 
solution was added. After 30 min., to each 100 ml. 30 ml. o f saturated, neutral 
am m onium  sulphate solution was added and after a further 30 min. the sediment 
was centrifuged off for 15 min. at 60 000 g. To the elear supernatant, saturated 
am m onium  sulphate solution was again added at a ratio  2:1 (v/v) and the sediment 
was collected by centrifugation. Then it was dissolved in 10 ml. o f buffer A  (20 т м -  
potassium -phosphate buffer, pH  7.3, containing 40 тм -К С 1, 1 mM-MgCl2 and
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1 шм-2-m ercaptoethanol) and the obtained solution was dialysed against the same 
buffer for 4 hr. At this point the activity of isoleucyl-tRNA synthetase usually in- 
creased to 45 m-units/mg. of protein. For further purification, the enzyme solution 
was applied to a DEAE-cellulose column (5 x 4 .5  cm.) eąuilibrated with buffer 
A, and washed with 90 ml. o f the same buffer. The enzyme was eluted with 125 ml. 
o f buffer A  containing additionally 0.16 м-KCl. The collected fraction was treated 
with solid am m onium  sulphate to the finał saturation of 0.8, and the precipitated 
protein was kept in this solution at -20° for several weeks w ithout loss of activity. 
Before use, the protein was dissolved in a smali volume of 20 т м -potassium-phos- 
phate buffer, pH 7.3, containing 1 mM-MgCl2 and 1 т м -2 -m ercaptoethanol, and 
dialysed against this solution overnight. A t this stage the activity of the enzyme 
am ounted to about 250 m-units/mg. of protein, being 40 times tha t o f crude extracts. 
The preparation was free from  ribonucleases, as checked by Tanaka’s (1966) method, 
although it contained leucyl- and lysyl-tRNA synthetase activities.

Assay o f  isoleucyl-tRNA synthetase actm ty. The form ation of [14C]isoleucyl- 
tR N A  was measured in a reaction mixture containing in 0.5 m l.: 50 pmoles of 
tris-HCl buffer, pH 7.5; 5 pmoles of M gCl2, 5 pmoles of KC1, 2 pmoles of ATP, 
1 |imole of GSH, 6 mpmoles o f [U -14C]isoleucine (0.48 pc), 1 mg. of tR N A  and 
0.1 - 1.6 mg. of enzyme protein. The incubation was carried out for 20 min. at 
37°. Then 0.9 ml. o f 10% trichloroacetic acid solution containing non-radioactive 
isoleucine (2 mg./ml.) was added at 0°. After 1 hr. the sediment was spun down, 
washed twice with 2 ml. o f cold ethanol and once with ethyl ether, dried and dis- 
solved in 0.2 ml. o f concentrated formie acid. Then 4 ml. of Bray (1960) liąuid scintil- 
lator was added, and the radioactivity measured in the scintillation counter SE 2 
(Biuro Urządzeń Techniki Jądrowej, W arszawa, Poland) with the efficiency of 50%. 
Blank values were obtained either by adding boiled enzyme solution to the reaction 
mixture, or by om itting tR N A .

One unit o f enzyme activity was defined as that am ount which resulted in form a
tion of 1 mpmole of isoleucyl-tRNA under standard conditions of the assay.

Standard assay o f  changes in isoleucyl-tRNA synthetase a c tm ty  during thermal 
inactivation. Heating of enzyme was carried out in a reaction mixture containing 
in 80 pi.: 10 pmoles of tris-HCl buffer, pH  7.5, 1 pmole of M gCl2, 1 pmole of KCI, 
0.2 mg. o f tR N A , 1 pmole o f 2-m ercaptoethanol, and 0.1 mg. of enzyme protein. 
Before the inactivation the mixture was always preineubated for 5 min. at 30° and 
then heated for a further 5 min. at 50°. The control sample was not heated.

To determine the rem aining ac tm ty , to the cooled sample 6 mpmoles of [U-14C]- 
isoleucine (0.48 pc) and 0.5 pmole o f ATP were added in a volume of 20 pl. and the 
whole ineubated for 20 min. a t 37°. Then 80 pl. portion of the reaction mixture 
was applied to W hatm an 3 M M  paper disc (0 25 mm.) and the disc was washed 
three times, for 15 min. each, in 5%  trichloroacetic acid solution, once in ethanol - 
ether mixture (1:1, v/v) and finally in ether. The dried paper was placed in a vial 
containing 3 ml. o f liąuid scintillator (4 g. o f PPO, 0.1 g. o f POPOP in 1 litre of 
toluene) and counted in the scintillation counter. A dditional details or modifica- 
tions are described in legends to  Tables.
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R ESU L T S

Thermal inactivation o f  isoleucyl-tR N A  synthetase. Heat treatm ent of enzyme 
at 50° completely suppressed the activity within 3 min. (Table 1). However, the 
enzyme appeared to be relatively stable in the presence of a crude tR N A  preparation, 
more than 40%  of the initial activity remaining even after 9 min. o f heating. The 
action of tR N A  appeared to be rather specific as rR N A  had no protective effect. 
N either did isoleucine with ATP protect the enzyme, which suggests tha t the synthe
tase was not stabilized in a со тр іех  of enzyme - aminoacyl - A M P under the condi
tions used. However, some stabilizing effect o f ATP could be observed at 45° (Fig. 1).

The stabilization of isoleucyl-tRNA synthetase by tR N A  was not a property 
common to all łupin synthetases. The leucine- and lysine specific synthetases, present 
in the partially purified preparation, were not stabilized by tRN A .

Specific stabilization o f  isoleucyl-tR N A  synthetase by tR N A 1Ie. The stabilization 
of isoleucyl-tRNA synthetase raised the ąuestion whether the effect o f the crude 
tR N A  preparation is due to its isoleucine-specific component(s). Therefore the 
crude łupin tR N A  preparation was fractionated by chrom atography on D EA E- 
cellulose at 72° according to Legocki, Szymkowiak & Pawełkiewicz (1968) and three 
fractions (Fig. 2), namely the 53rd, 59th and 63rd containing, respectively, 14, 2 and

Fig. 1 Fig. 2

Fig. 1. Inactivation o f  iso leu cy l-tR N A  synthetase as a function o f  the time o f  heating at 45°, ( Д )  
in the absence o f  tR N A , and in the presence of: ( ■ ) ,  crude łupin tR N A  preparation (2.5 m g./m l.); 
( □ ) ,  1 0 т м -А Т Р ; ( # ) ,  Ю т м -А Т Р  and 60 рм-isoleucine; (O ), 60 рм-isoleucine. For activity  
determ ination, to the sam ple heated w ithout tR N A , 0 .2  mg. tR N A  was added. Other details are

given in M ethods.

Fig. 2. Fractionation o f  crude łupin tR N A  on D E A E -cellu lose colum n at 12°. tR N A , 17 m g., was 
applied to a colum n ( 1  x  18 cm .) provided with a water jacket and eąuilibrated with 2 0  т м -sodium - 
acetate buffer, pH 6.0, containing 0.5 м-N aC l and 1 т м -E D T A . The elution  was carried out w ith  
a linear N aC l concentration gradient, fractions o f  1.1 ml. being collected, and ( —), the am ount 
o f  R N A  was measured at 260 m p. tR N A  present in the eluted fractions was precipitated with  
2 vol. o f  cold  ethanol, centrifuged and dried at room  temperaturę. Each sam ple was d issolved in 
100 pl. o f  water and (O ), acceptor activity in 20 pl. portions was determ ined. Arrows indicate the 

fractions used for the experim ent presented in Fig. 3.
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T a b le  1

Effect o f  tR N A  on the stabilization o f  isoleucyl-tR N A  synthetase against thermal
inactivation

The com plete system  for heat inactivation contained in 80 ц!.: 10 pm oles o f  tris-H C l buffer, pH  
7.5; 1 pm ole M gC l2, 1 pm ole KC1, 0.2  mg. o f  crude łupin tR N A  preparation, 1 pm ole o f  2-mercapto- 
ethanol and 0.1 mg. o f  enzym e protein. After heating for the time indicated, the activity was measured 
as described in M ethods. For activity determ ination, to  the sam ples heated w ithout tR N A , 0.2 mg.

tR N A  was added.

C om position  o f  the heated  
sam ple

T im e o f  heating at 50 

0 1 3 ! 5

(m in.)

7 9

R em aining activity (%  o f  initial 
activity)

C om plete system 1 0 0 8 8 74 61 50 43
tR N A  om itted 1 0 0 8 0 0 — —
tR N A  om itted, rR N A

added 1 0 0 4 0 0 - -
tR N A  om itted, isoleucine

and A T P  added 1 0 0 1 2 0 0 — —

0%  of tR N A Ile, were used for the experiment. The results presented in Fig. 3 show 
th a t the protection of the enzyme against heat denaturation was proportional to 
the content o f tR N A Ile. The fraction containing no tR N A Ile did not stabilize 
the enzyme.

These results were confirmed by using a highly purified (83 %) tR N A lle prepara
tion (Fig. 4). When lysine-specific tR N A  preparation purified to 75% and containing 
2%  of tR N A Ile was used, some protection was observed am ounting to 4 - 5 %  of 
the action of tR N A lle.

The results suggest that a со тр іех  is formed between the synthetase and its 
specific tR N A , which stabilizes the protein com ponent against therm al denatura
tion.

Specificity in сотріех formation. Synthetase - tR N A  complexes were also formed 
with heterologous tR N A ’s. Figurę 5 shows the effect of łupin, yeast and E. coli 
tR N A ’s, respectively, on the stabilization of isoleucine-activating enzyme. Apart 
from  the fact that individual preparations might contain different am ounts of iso- 
leucine-specific tR N A , it seemed to be rather elear tha t complexes of enzyme with 
yeast and bacterial tR N A  were considerably less stable than tha t containing homo- 
logous tR N A 2. The half-inactivation times of the enzyme in the presence of łupin, 
yeast and E. coli tR N A  preparations am ounted to 7, 3.5 and 1.75 min., respecti- 
vely.

2  The determ ination o f  isoleucine acceptor activities o f  crude tR N A  preparations using łupin 
enzym e show ed considerably higher values for yeast and E. coli tR N A ’s than for łupin tR N A ;  
which, how ever, is not equivalent with the higher content o f  tR N A 1Ie in these preparations.

45
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Fig. 3 Fig. 4

Fig. 3. Effect o f  concentration o f  three łupin tR N A  fractions (see Fig. 2) on the stabilization o f  
iso leucyl-tR N A  synthetase. T o the standard inactivation m ixture containing 0 .2  m g. o f  the 
synthetase, indicated am ounts o f  the follow ing tR N A  fractions were added: (O ), 53rd, containing  
about 14% o f  tR N A Ile; (Д),  59th, 2%  o f  tR N A Ile; ( # ) ,  63rd, containing no tR N A Ile. T he  
mixture was heated for 5 min. at 50°, and the rem aining actw ity was determ ined as described in 

M ethods, except that 50 fig. o f  the purified preparation o f  tR N A Ile (20% ) w as added.

Fig. 4. Stabilization o f  iso leucyl-tR N A  synthetase by purified preparations o f  (O ), t R N A Ile and  
( • ) ,  tR N A Lys. The experim ent was carried out as described for Fig. 3.

F ig. 5. Stabilization o f  iso leucyl-tR N A  
synthetase by h om ologou s and hetero- 
logous tR N A ’s. The m ixture described  
in M ethods containing 0.2 mg. o f  crude  
tR N A  preparation from  (Д),  łupin; 
(O ) , yeast or ( □ ) ,  E. coli was heated  
at 50° for the time indicated. Then the 
rem aining activity was determ ined. For 

details see M ethods.
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Effect o f  di\alent and monovalent cations on the stabilization o f  isoleucyl-tR N A  
synthetase - tR N A  сотріех. The stabilization of the enzyme by tR N A  was depen
dent on the presence of Mg2+ ion (Table 2). Low concentrations o f M g2+ in the 
rangę up to 0.02 т м ,  were insufficient to co-operate with tR N A  in enzyme protec- 
tion. Among the concentrations applied, 10mM-Mg2+ gave the best result. Diffe- 
rences in control values for enzyme activities shown in the Table were due to diffe- 
rent M g2+ concentrations being present. M agnesium ion could be substituted by 
C a2+ or Sr2+ ions but no t by ethylenediamine (Table 3).

Calcium and strontium  ions, in contrast to their protective effect against therm al 
inactivation, could not replace magnesium ion in the tR N A  am inoacylation reaction 
(Table 4), and their presence had even some inhibitory effect.

The effect o f m onovalent cations on isoleucyl-tRNA synthetase heat inactiva- 
tion at 45° and on tR N A  am inoacylation (Figs. 6 and 7), under the conditions used 
was very smali, if any.

Fig. 6 . Effect o f  m onovalent cations on  the inactivation o f  iso leucyl-tR N A  synthetase at 45 in 
the presence o f  tR N A . T o the standard inactivation mixture but not containing KC1, one o f  the 
given salts was introduced at a concentration o f  40 т м :  ( • ) ,  tris-H Cl, pH  7.5; ( □ ) ,  N aC l; (O ),  
KC1; ( Д ) ,  N H 4 C1. D eterm ination o f  the rem aining enzym e activity was carried out as described  
in M ethods. F or this experim ent the enzym e preparation was dialysed against 20 т м -tris-HCl 
buffer, pH  7.3, containing 1 mM -M gCl2  and 1 т м -2 -m ercaptoethanol, and the crude preparation  

o f  tR N A  was dialysed against 5 т м -tris-HCl buffer, pH  7.3, containing 1 mM -M gCl2.

Fig. 7. Effect o f  m onovalent cations on  am inoacylation o f  łupin tR N A  by the h om ologous iso
leucyl-tR N A  synthetase. T o the standard reaction mixture but not containing KC1, one o f  the given  
salts was introduced to 40 т м  concentration: ( • ) ,  tris-H Cl, pH  7.5; ( Д ) ,  N aC l; (О ), KC1; ( □ ) ,  
N H 4 CI. Enzym e and tR N A  preparations were prepared as described for Fig. 6 . The assay procedurę

was as described in M ethods.

Fig. 6 Fig. 7
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T a b le  2

EJfect o f  M gCl2 concentration on the stabilization by tR N A  o f  isoleucyl-tRNA  
synthetase against heat inactimtion

The inactivation m ixture containing crude łupin tR N A  was as described in M ethods, except that 
varying am ounts o f  M gC l2  were present. The mixture was heated for 5 m in. at 50°. For determ ination  
o f  the rem aining enzym e activity, 0.8 pm ole o f  M gCI2  was additionally introduced to each sam ple.

M gC l2  concn. in 
the heated mixture 

(т м )

Enzym e actiyity (counts/m in.)
Percent o f  

initial actiyitywithout heating after heating

0 . 0 1 6700 0 0

0 . 0 2 6600 o 0

1 . 2 7170 1590 2 2

1 0 5360 3410 64
62.5 3320 840 25

T a b le  3

Effect o f  clivalent cations on the stabilization by tR N A  o f  isoleucyl-tRNA synthetase
against heat inactivation

E nzym e preparation dialysed against standard buffer solution but w ithout M gC l2  was used. The 
inactivation m ixture described in M ethods contained the indicated cations in 1.25 т м  concentration. 

For determ ination o f  the rem aining activity, 1 pm ole o f  M gC l2  per sam ple was added.

Inactivation  
in the presence o f

Enzym e actiyity (counts/m in.)
Percent o f  

initial actiyityw ithout heating after heating

M gCl2 6550 3720 57
C aC l2 1690 1 0 0 0 59
SrCl2 3680 2180 59
Ethylenediam ine

•2HC1 1900 0 0

T a b le  4

Effect o f  divalent cations on isoleucyl-tRN A synthetase activity

Enzym e preparation dialysed against standard buffer so lu tion  but w ithout M gC l2  was used. The 
com position  o f  the reaction mixture was as described in M ethods, except that different cations were

applied in place o f  M gC l2.

A ddition  (0.8 т м ) Enzym e actiyity (counts/m in.)

N o n e 0

M gC l2 5800
C aC l2 310
SrCl2 0

Ethylenediam ine • 2HC1 0
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D ISC U S SIO N

Recently several relatively stable complexes of am inoacyl-tRNA synthetases 
w ith their specific tR N A ’s were isolated by different methods such as gel filtration 
(Lagerkvist et al., 1966), electrophoresis (Okam oto & Kawade, 1967; Seifert et al.,
1968) and adsorption on nitrocellulose filters (Yarus & Berg, 1967). The stabiliza
tion  of the isoleucyl-tRNA synthetase against heat denaturation by its specific 
tR N A , dem onstrated in this report, is a further, although indirect, p roof of the 
form ation of complexes between these components. The tR N A  preparation depri- 
ved of the isoleucine-specific com ponent appeared to be inactive in this respect, 
as was the ribosom al fraction of RNA. The ability of crude tR N A  to protect an 
individual synthetase against heat denaturation is no t a com m on property, like 
the ability to form  enzyme - tR N A  complexes. Thus łupin leucyl- and lysyl-tRNA 
synthetases were no t stabilized by łupin tRN A .

The results concerning the dependence of isoleucyl-tRNA synthetase stability 
on tR N A  concentration (Figs. 3 and 4), and the time-course of inactivation in the 
presence of tR N A  (Fig. 1), are consistent with the model o f a simple eąuilibrium : 
E + tR N A  ^  Е-tR N A , in which free enzyme would undergo rapid heat denatura
tion. The same model was accepted for the therm al stabilization of proline- and 
valine-activating enzymes by their amino acid substrates (Chuang et al., 1967).

The m ost interesting observations made in our experiments concern the effect 
o f divalent cations on the stability of isoleucyl-tRNA synthetase against heat inacti- 
vation. So far, the effect o f these cations has been observed mainly on amino acid 
activation, transam inoacylation of tR N A , or the оѵегаіі reaction. The activation 
process is dependent on the presence of magnesium ion, although magnesium can 
be sometimes replaced by manganese or calcium ions (Allende et al., 1965; Svensson, 
1967). D ata relevant to the reąuirem ent of magnesium for the transfer reaction are 
contradictory. N orris & Berg (1964) and Lagerkvist et al. (1966), investigating 
E. coli isoleucyl- and valyl-tRNA synthetases, respectively, have shown that the 
reaction proceeds w ithout magnesium. On the other hand, Allende et al. (1965) 
have reported tha t magnesium is reąuired for ra t Ііѵег threonyl-tR N A  synthetase 
actwity. Similar results were obtained by Hirsch (1968) with E. coli threonyl-tRN A  
synthetase.

In the present work it has been found that divalent cations are reąuired even 
before the amino acid activation and tR N A  am inoacylation reactions, namely 
for form ation of the с о тр іех  between isoleucyl-tRNA synthetase and tR N A Ile. 
This со тр іех  would protect the enzyme against rapid heat denaturation. Since, 
besides magnesium, the strontium , which is inactive in the enzyme reactions, also 
fulfills the m etal reąuirem ent, one сап assume that the role of divalent cations 
consists mainly in the m aintaining of the biologically active conform ation of tR N A . 
On the other hand, the decrease of tR N A  am inoacylation in the presence of stron
tium  and calcium can be explained by the displacement of M g2+ by Sr2+ or C a2 + 
(Table 3) in this partially M g2+-dependent reaction. It should be emphasized tha t
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studies of Fresco, Adams, Ascione, Henley & Lindahl (1966) on a therm ostable 
am inoacyl-tRNA synthetase have shown that a uniąue tertiary conform ation of 
tR N A  is reąuired for its accurate participation in the reaction.

U nder conditions used in our work, no effect o f m onovalent cations was observed 
either on the inactivation or am inoacylation processes, although stim ulation or 
inhibition by monovalent cations o f the ATP-PP exchange reaction (Schweet, 
Holley & Allen, 1957; Schweet & Allen, 1958; Allen, G lassm an & Schweet, 1960), 
transfer reaction (Svensson, 1967; Kaziro, Takahashi & Inon, 1968), as well as 
am inoacyl-tRN A  form ation (Peterkofsky, Gee & Jesensky, 1966; Smith, 1969) 
are well docum ented.

This work was supported in part by a grant from  the Com m ittee of Biochemistry 
and Biophysics of the Polish Academy of Sciences.
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ST A B IL IZ A C JA  IZ O L E U C Y L O -tR N A  S Y N T E T A Z Y  IZ O L O W A N E J Z N A S IO N  Ł U B IN U  
ŻÓ Ł T E G O  P R Z E Z T R A N S F E R O W Y  R N A

S t r e s z c z e n ie

tR N A  ochrania izo leu cy lo -tR N A  syntetazę izolow aną z nasion łubinu żółtego, przed ter
m iczną inaktywacją zachodzącą w 50°. Efekt stabilizujący jest uw arunkowany obecnością  tR N A  
specyficznego dla izoleucyny; inne rodzaje tR N A  nie wykazują tego działania. H eterologiczne  
tR N A  (z drożdży i kom órek E. coli) również stabilizują badaną syntetazę lecz w m niejszym  
stopniu. D la  stabilizacji enzym u n ieodzow na jest obecność dw uw artościow ych kationów , jak  
M g 24-, C a2+ lub — nieaktyw nego w  procesie am inoacylacji tR N A  — Sr2 + . W skazuje to  na 
rolę dw uw artościow ych kationów  w utrzymaniu trzeciorzędowej struktury cząsteczki tR N A , 
koniecznej dla pow stania kom pleksu tR N A  - enzym .

R eceived 16 Septem ber, 1969.
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INVESTIGATIONS ON THE STRUCTURES OF XANTHINE-URACIL 
AND XANTHINE-ADENINE COPOLYMERS AND THEIR COMPLEXES 

WITH HOMOPOLYNUCLEOTIDES

D epartm en t o f  B iophysics, Institute o f  Experim ental Physics, U niversity o f  W arsaw, al. Ż w irk i

i W igury 93, W arszawa 22

1. Polynucleotide phosphorylase has been used to  synthesize a series o f  copolym ers 
o f  xanth ine with uracil or adenine. 2. F or each copolym er with an excess o f  one  
co m p o n e n t, the structure approxim ates that o f  the hom opolym er o f  that com p o-  
nent. 3. H ydrolysis o f the copolym ers with pancreatic and T Ł R N ases was em ployed  
to  е х а т іп е  the structures o f  the non-hydrolysed fragments. 4. M ixing curves and  
tem peraturę profiles were used to е х а т іп е  the com plexes o f  the copolym ers with  
p oly-X , p o ly -U  and poly-A . 5. For 6  out o f  16 com plexes, both copolym er com ponents  
w ere found to base-pair with the com plem entary chain. 6 . The influence o f  various 
factors, including base seąuence, is discussed in relation to the various structures, 
as w ell as their biological im plications.

The results presented here on secondary structures of copolymers form ed by 
polynucleotide phosphorylase from  mixtures w ith differing relative contents of 
XDP* and U D P, or X D P and ADP, are a continuation of investigations on the 
structure o f poly-X itself (Fikus & Shugar, 1969) and the interactions o f xanthosine 
incorporated  in the polynucleotide together with other purine and pyrimidine 
bases. The series of X U  and XA copolymers thus obtained is an interesting subject 
o f investigation on how the self-structure of a homopolynucleotide alters with incre- 
asing content o f a heterologous (different base) com ponent, and also how the comple-

1 The fo llow ing abbreviations are used in this te x t: poly-X , poly-riboxanthylic a c id ; p oly-U , 
poly-ribouridylic acid; poly-A , poly-riboadenylic acid; poly-rT, poly-ribothym idylic acid; p o ly -X U n 
(or copolym er X U n or X U n), copolym er o f  xanthine and uracil; poly-X A „ (or copolym er X A n 
or X A n), copolym er o f  xanthine and adenine; the subscript n refers to  the percentage o f  the hetero
logou s base com ponent in the copolym er (uracil or adenine, respectively); p o ly -(X A :U ), 1 :1 с о т р іе х  
o f  p o ly-X A  and p o ly -U , with sim ilar connotations for other copolym er or polym er com plexes; 
e ,  coefficient o f  m olar absorption; Tm, temperaturę corresponding to  m id-point o f  temperaturę  
profile; A T , m easure o f  breadth o f  temperaturę profile, defined as temperaturę rangę over which  
the hyperchrom icity o f  a given polym er or с о т р іе х  increases from  25%  to  75%  o f  the т а х і т и т  
hyperchrom icity.

[53]
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xing ability o f each copolymer com ponent in interactions with hom opolynucleotide 
depends on the conditions of the medium and the percentage of a given com ponent 
in the copolymer. The results allow for deeper penetration into the structure of 
the hom opolynucleotide, poly-X, and its com plexes; there are also attem pts to  ехріаіп 
on a simple model system the mutagenic effect o f guanosine deam ination to  xantho- 
sine incorporated into natural nucleic acids.

M A T E R IA L S A N D  M E T H O D S

Copolymers X U  and XA were obtained by polym erization o f mixtures of X D P 
(Sigma Chem. Co., St. Louis, M o., U .S.A.) and U D P (C. F. Boehringer & Soehne, 
M annheim , West Germ any) or X D P and A D P (Sigma Chem. Co.) by polynucleotide 
phosphorylase from  M . lysodeikticus (a gift o f Dr. H. M atthaei). Poly-X was obtained 
as previously described (Fikus & Shugar, 1969) and the polynucleotides isolated. 
Poly-U  and poly-A were commercial preparations of Miles Chemical Co. (Elkhart, 
U.S.A.). The commercial preparations were not purified further.

Polymer concentrations, and the percentage proportion of bases incorporated 
into the polymers, were determined spectrally, after enzymie or Chemical hydrolysis 
to  monomers. Copolymers were hydrolysed either in 0.3 м-КО Н  (AX series), mono- 
phosphates of both com ponents being obtained, or at 100°, 1 hour, in 1 n-HCI 
(U X  series) to uridylic acid and xanthine. The products of hydrolysis were chrom ato- 
graphically separated, eluted and spectrophotom etrically estimated.

Enzymie hydrolysis was carried out with panereatie RNase (W orthington, 
Freehold, N. J., U.S.A.) and RNase T x (Calbiochem., Los Angeles, Calif., U.S.A.) 
directly in spectrophotom etric cuvettes. A Radiom eter type 4d meter with glass 
electrode was employed for pH  measurements. U ltraviolet spectra and tem peraturę 
profiles were run on a H ungarian spectrophotom eter “Spektrom om  202” according 
to  the m ethod already described (Fikus & Shugar, 1969).

Sedim entation constants were measured with an  analytical ultracentrifuge 
Beckman “ Spinco E” .

0.05 м-Acetate buffer was used within a pH rangę of 3.9 to 5.8 and 0.025 m - 

phosphate buffer within the pH  rangę 6.0 to 8.0. Ion concentration (N a +) was 
adjusted by adding the appropriate am ount of 4 м-NaCl to the buffer.

The m ethod o f continuous variations (Fresco & Alberts, 1960) was used to observe 
form ation of complexes, the reciprocal relation of com ponents of the со тр іех  
and also the extent o f participation of each copolymer base in the form ation o f 
a  с о тр іех  with a copolymer.

R E SU L T S A N D  D ISC U S SIO N

The spectra of all copolymers were investigated at room  tem peraturę at pH  2, 
7 and 12. Since, in the majority o f instances, these spectra depend not only on pH , 
b u t also on the State o f the copolymer secondary structure, they do not provide
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T a b le  1

Characteristics o f  copolymers

C opolym er

C om position  
o f  substrate 

mixtures 

(% )

Proportion o f  
bases in the 

isolated  
copolym er (% )

S 20

0.05 M -Na+ , 
pH  7.8

X D P U D P X D P U D P

X U 8 4 30 70 16 84

X U 8 8 39 61 1 2 8 8

xu69 60 40 31 69

xu20 95 5 00 o 2 0

X D P A D P X D P A D P

X A 87 27 73 13 87 5.1
x a 6 5 47 53 35 65 5.1

Х А з2 57 43 6 8 32
x a 2 6 81 19 74 26

sufficient inform ation about the effect of the respective com ponents on the shape 
o f copolymer spectrum. Because of the considerable differences in coefficients o f 
m olar absorption of adenosine and xanthosine, in the AX series, the characteristic 
xanthosine absorption bands are usually hidden by the adenosine spectrum. In the 
X U  copolymer series, in extreme instances of high percentage contents o f one of 
the com ponents, the copolym er spectra resemble the spectra of the hom opolym er 
o f the predom inant incorporated nucleotide.

Detailed quantitative data on copolymer characteristics are presented in Tables 
1 - 7 and Figures 1 - 14. On the whole, it may be inferred tha t the copolymer having 
a considerable predom inance of one of the com ponents exhibits a structure analogous 
to  that o f the hom opolym er structure of the predom inant com ponent. A nd so, 
e.g., complete alkaline and enzymie hydrolysis o f poly-X U 88, X U 84 and X U 69 
results in an inerease in the absorption maximum of some 5%  (as for poly-U), 
which also dem onstrates the lack of secondary structure of the copolymers at a tem pe
raturę of 25°. Therefore, in order to check this structure, the copolymers were dis- 
solved at pH  7.0 in 5 x  10~5 м-spermine. Fig. 1 and Table 2 illustrate the influence 
of spermine (or spermidine) and N a + ions on the stability of the structure of X U  
copolymers. Fig. 1 illustrates also an interesting phenom enon. As might have been 
expected, poly-X U 88 and X U 84 are of weaker structure than  the hom opolym er, 
poly-U, under identical conditions. But poly-X U 69, both  in spermine and 0.1 M-Na + , 
is characterized by a considerably higher melting tem peraturę than  the hom opoly
mer, poly-U, though the breadth  of the profile inereases with inereasing xanthosine 
content in the chain. It seems, at the same time, that the interaction U :U  has a deci- 
sive influence on this structure, sińce the inerease of the melting tem peraturę of
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poly-X U 69 from  19° to 38° after the addition o f spermine (up to  5 x l 0 —5 m ) to
0.1 M -Na+ resembles the behaviour o f the hom opolym er, poly-U  (Szer, 1966). 
A fter the addition of spermine, poly-X melts at a tem peraturę only 6° higher than 
in 0.1 M -Na+, whereas for со тр іех  poly-(X:U) this values is 15° higher (cf. with 
Fig. 1).

Fig. 1. Influence o f  N a + ions and spermine 
on stability o f  X U  copolym ers at pH  
7 .0 : 1, 0 .lM -N a+ ; 2 , 0.1 M -Na+, 5 x  10 ~ 5 m - 

sperm ine. Point A  denotes the Tm o f  
p o ly -(X :U ) at pH  7.0 in 0.1 M -Na+. 
Point В  denotes the Tm o f  p o ly -(X :U ) at 
pH  7.0 in 0.1 м-N a  +, 5 х  10 - 5  м-sperm ine.

Thus the only explanation for the higher stability o f poly-X U 69 as com pared 
to poly-U, at pH  7, would be to assume the existence of interactions reinforcing 
the structure of U :U  type: either X :X  interactions existing in “loops” form ed by 
longer homologous sections of xanthosine, or X :U  local interactions existing in some 
nodes, e.g. at the twist o f the chain in the case of a “hairpin” structure. Similar loops 
would also ехріаіп why this entire structure melts less co-operatively than  poly-U 
or poly-X alone.

T a b le  2

Characteristics o f  X U  type copolymers with excess U in neutral phosphate buffered 
medium in the presence o f  N a + ions and poły amin es

Polym er

%

Solvent
Tm

(°C)
A T
CC)

Hyper-
chrom icity

(% )

W avelength  
at which  

hyperchrom i- 
city measured  

(m p)

P o ly -X U 8 4 pH  7.0; 0.1 M -Na+ 2.5 1 0 40 260
P o ly -X U 6 9 pH 6.9; 0.1 M -Na+ 18 1 0 26 275
P o ly -U * pH  7.4; 4 x l 0 — 5  м -sperm idine 24 1.5 42 260
P o ly -X U 8 8 pH 6.9; 0 .05M -N a+ ; 5 x l 0 —5 m -

-sperm idine 2 4.5 25 260
P oly-U * pH  7.4; 4 x l 0 - 5  м-spermine 28.5 1 42 260
P o ly -X U 8 8 pH  6.9; 0.05 M -Na+ ; 5 x 1 ( ) - 5 m-

-sperm ine 18 4 35 260
P o ly -X U 8 4 pH  7.0; 0 .lM -N a + ; 5 x 1 0 —5  m -

-sperm ine 19 14 40 260
P o ly -X U 6 9 pH  6.9; 0.1 M -N a+; 5 x 1 0 ~ 5 m-

-sperm ine 38 9 2 2 275

* D ata from Szer (1966).
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The secondary structure of poly-XA87 (and X A 65) was ascribed m ainly to 
A :A  interactions, as these polymers have a stepwise melting “neu tra l'’ structure 
(at pH  >  6) and a co-operatively melting “acid” structure (at pH  <  6), as for poly-A. 
Increasing ionic strength leads to a lowering of the stability of the “acid” structure, 
as in the case of poly-A, bu t in contrast to the behaviour of poly-X under these 
conditions (Figs. 2, 3, Table 3). A ttention should be drawn to the fact th a t the transi- 
tion tem peratures for the “acid” structure of poly-XA87 are alm ost identical with 
those for poly-A (Table 3) whereas similarly perturbed 8BrA,Ag3 copolym er melts 
13° below poly-A (Ikehara, Tazawa & Fukui, 1969).

Interactions of both bases in the copolymer, and also the influence o f homo- 
logous seąuences on the structure could also be examined by the application of 
specific enzymes. In  the X U  series, after the action of pancreatic RNase, the seąuences 
(Xp)nUp remain unchanged; and after the action of RNase T i — (U p)nXp seąuences. 
In the XA series RNase T x was applied to  obtain (Ap)nXp seąuences. The results 
on oligomers thus obtained confirm the assum ption tha t both bases are random ly 
incorporated into the copolym er, despite the fact tha t polynucleotide phosphory- 
lase differs in its affinity for them . And so, e.g., Fig. 4 shows tha t, after hydrolysis 
o f poly-X U 88 with RN ase T l5 several per cent o f sufficiently long seąuences of 
oligo-U remained tha t they display very smali proper structure. The failure to

T a b le  3

Comparison o f  “acid” fo rm s o f  XA copolymers with excess A and the homopolymer
poly-A

Solvent Polym er
Tm

C C )
A T
C C )

H yperchro-
m icity

(% )

pH  4.0; 0.05 M -Na+ P oly-A * > 1 0 0 — —

P oly -X A 8 7 98 - —
P o ly -X A 6 5 82 — —

pH 4.4; 0 .05M -N a+ Poly-A * 98 - -

P o ly -X A 8 7 96 13 —
P o ly -X A 6S 6 6 16 25

pH 4.8; 0.05 M -Na+ P oly-A * 82 3 60

P oly-X  A 8 7 79 15 45
P o ly -X A 6S 58 17 30

pH 5.2; 0.05 M -Na+ Poly-A * 6 6 — -
P o ly -X A 8 7 61 8 54

0.1 M -Na+ P oly-A * 60 - —
P o ly -X A 8 7 57 8 54

pH  5.8; 0.05 M -Na+ Poly-A * 43 - _
P o ly -X A 8 7 37 8 27

*  Data from Massoulić (1965).
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*

Fig. 2. Secondary structure o f  p o ly -X A 8 7  in 0.05 M-Na + in (a) 0.025 м-phosphate buffer; (b  - e) 
in 0.05 м-acetate buffer; (a ), pH  7.8; ( 6 ), pH  5.8; (c), pH  5.2; (d ), pH  4.8; (e ), pH  4.4. N ote: In this 
and follow ing figures, E re, is the ratio o f  the absorption at a given temperaturę to the absorption  

o f  the fully structured form, both measured at the sam e wavelength.

F ig. 3 F ig . 4

F ig. 3. D ependence o f  Tm o f  p o ly -X A 8 7  on  N a + concentration in acetate buffer, pH 5.2.

F ig. 4. Secondary structure in 0.025 м-phosphate buffer, pH  6.9, and 0.05 M -Na+ o f  (a, b, c) 
p o ly -X U 88, (d )  p o ly -X U 84, and (e) p o ly -X U 6 9 : (я), 5 x  1 0 ~ 5 м-sperm idine; (b, d, e), 5 х  1 0 - 5  м-sper- 

m ine; (c), as for (b) fo llow ing digestion with R N ase T j.
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obtain such a structure after the hydrolysis o f poly-X U 69 with RN ase T x is consis- 
tent with the assum ption regarding the random  distribution of X  and U  residues 
along the chain. Similarly, the action of pancreatic RNase on poly-X U 20 results 
in a hyperchrom ic effect which, at pH  7.8 at 5°, is eąual to 15% at 275 mg and 4%  
at 250 mg (Total hyperchromicity of the copolym er is respectively 85 % and 27 %). 
The partially hydrolysed copolymer thus retained its proper structure typical for 
low-molecular poly-X (Fig. 5). But, when acting on the copolym er first with ribo- 
nuclease T l5 the maximum hyperchromic effect is obtained.

F ig . 5. Secondary structure o f  p o ly -X U 2o 
in 0.025 м -phosphate buffer, pH  7.8, 
and 0.1 M-Na + : (a), C ontrol; (6 ), follow ing  

digestion with pancreatic R N ase.

Ribonuclease T t acts m uch slower on copolym er X A 87 than  on poly-X, and 
even after long incubation, its sedim entation constant and complexing ability with 
poly-U do not undergo any changes. But a visible effect after the action of RNase 
T t on poly-XA65 is observed int. al. due to considerable lowering of the co-opera- 
tivity of melting of poly-(XA:U) сотр іех .

Some additional inform ation on the self-structure of the homopolynucleotide, 
poly-X, was obtained by investigating the copolymers X U 20 and X A 26. Figurę 
6 exhibits the melting profilesof poły X U 20. A ttention should be drawn to the shape 
of the profile at pH 7.0 (curve b): at first, as the tem peraturę increases, the transi- 
tion is fairly sharp; above the Tm it is broadened, and resembles the behaviour 
of some previously obtained preparations of poly-X which, on closer exam ination, 
proved to be o f short chain length and polydisperse. The character of the profiles, 
measured at 250 mg and 275 mg, is similar to those of poly-X. G reater changes 
take place at 275 mg. The profiles o f poly-X U 20, especially in acid medium, con- 
firm the previous proposal (Fikus & Shugar, 1969) th a t the reduction of ioniza- 
tion of the xanthosine rings (pAf 5.5) reinforces the structure o f poly-X suflhciently 
so that melting in buffer solution becomes gradually impossible. The U  residues

http://rcin.org.pl



60 M . T IC H Y  a n d  M . F IK U S

Fig. 6 . Secondary structure o f  p o ly -X U 20. 
For com parison purposes, the dashed  
curves with primed letters refer to pro- 
files o f  poly-X  under sam e conditions:
(a), 0.025 м-phosphate buffer, pH  7.8, 
and 0.1 M -Na+ ; m easured at 275 nip.
(b), 0.025 м-phosphate buffer, pH  7.0, 
and 0.1 M -Na+ ; measured at 275 mp.
(c), 0.05 м-acetate buffer, pH  5.6, and  
0.05 M -Na+ ; m easured at 260 m p.
(d ), 0.05 м -acetate buffer, pH  5.2, and 
0.05 M -Na+ ; m easured at 260 m p.
(e), 0.05 м-acetate buffer, pH  4.6, and

0 .0 5 M -N a + ; m easured at 260 m p.

Fig. 7. Secondary structure o f  p o ly -X U 2 0  in 0.05 м-acetate buffer, pH 5.2. A : (a), Spectrum  o f  
copolym er at 10° in presence o f  0.05 -0 .1 5  M -Na+ ; (b ) copolym er spectrum  at 46° in 0.05 M -Na+. 
В: (a), Temperaturę profile in 0.05 M-Na + ; (b), cooling profile in 0.05 M-Na + ; (c), temperaturę

profile in 0 .1 5 M -N a +.

present in the copolymer X U 20 separate the longer structural sections X :X , and 
therefore weaken the strong “acid” structure, enabling its observation at pH  5.6 
and 5.2 to a greater extent than for poly-X alone. The melting profile o f poly-X U 20, 
a t pH  5.6 (сигѵе с), i.e. at pH  =  pК  o f xanthosine, is even alm ost identical with the 
profile at pH  7.0 and only acidification to pH  4.6 results in the disappearance 
of the co-operative transition during melting o f the structure. It is w orth noting 
that Tm values of poly-X U 20 and X are alm ost identical. In the acid rangę only 
hyperchromicity underwent a change (Table 4). [M easurements o f tem peraturę 
changes were carried out at both m aximum wavelengths for the copolym er, the 
fig ire (for clarity) presenting only curves at 260 mp].
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One additional fact is worthy of note, and is illustrated in Fig. 7A. W hereas 
the ordered structures of poly-XU20, pH  ~  5, have a higher absorption at 240 mp 
than  at 260 mąt, during the heating this ratio  changes in favour of the 260 m p peak. 
Thus for the first time the high 260 mp peak has been proved for poly-X at pH  <  6, 
in a coil form , also present at these pH  values in the xanthosine spectrum  (e260 >  
>  e24o)- H eating of poly-X U 20 at pH 5.2, in the presence of 0.05 M -Na+ , above 
60°, leads to  irreversible changes in the spectrum  (increase in e260 in relation to 
£24o also at a Iow tem peraturę) and profile (lowering of Tm, broadening of the p ro 
file), which is probably due to shortening of the copolymer chain, weakening of 
“acid” structure and the appearance of spectral changes typical for m onomers, 
and probably oligomers.

Profiles run at pH  5.6 - 4.6 up to 50°, are reversible, but the cooling profile is 
not identical with the heating profile (Fig. 7B). The reform ation of structure can 
be ąuickened by changing the cation concentration from  0.05 м to  0.15 m , but in 
the new conditions, apart from  Tm increasing 4°, the same thing happens which has 
been observed in the instance of poly-X, i.e. lowering of melting hyperchrom icity 
(smaller per cent of structure is melted) and a decrease in co-operative character 
o f the transition  (Fig. 7B).

T a b le  4

Comparative data fo r  self-structure o f  poly-XU 20 and po!y-XA26 with respect to poły X

Solvent Polym er Tm
(°C)

A T
(°C)

Hyper
chro
m icity

(% )

W avelength at which  
hyperchrom icity 

m easured  
(mp)

P hosphate buffer, pH  7.8;
0.1 M-Na + Poly-X 28 13 52 275

P o ly -X U 2 0 31 17 57
P o ly -X A 2 6 26 15 45

Phosphate buffer, pH 7.0;
0.1 M-Na + Poly-X 33 4 50 275

P o ly -X U 2 0 31 13 50
P o ly -X A 2 6 33 8 27

A cetate buffer, pH 5.6;
0.05 M -Na+ Poly-X 36 6.5 2 2 260

P o ly -X U 2 0 31 1 0 26
0.1 M-Na + Poly-X 38 6 2 1

P o ly -X A 2 6 41 19 29
0.15 M -Na+ P oly-X 40 6.5 2 0

P o ly -X U 2 0 35.5 1 2 36
A cetate buffer, pH  5.2;

0.05 M -Na+ P oly-X 30 2.5 1 0 260
P o ly -X U 2 0 33 1 0 32

A cetate buffer, pH  4.6;
0.1 M -N a+ P oly-X does not m elt

P o ly -X A 2 6 70 17 41 260
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In com parable conditions poly-X A 26 behaves similarly to  poly-X (Table 4). 
And also in this instance selective hydrolysis o f the polym er with ribonuclease 
T x leads to  a hyperchrom ic effect equal to that following com plete hydrolysis o f 
the polymer to m ononucleotides (40% at 255 mp and 45%  a t 275 mg). At pH 4.6 
poly-XA26, like poly-X U 20, displays a secondary structure which can be melted. 
Thus it seems tha t the self-structure o f copolym er X A 26 is mainly due to X :X  
interactions, perturbed by short A sections. This is the reason for the co-operative 
transitions being lower than  for the hom opolym er, especially at acid pH. This is 
also confirmed by the fact that an inerease in ionic strength, while melting the 
copolymer, inereases its melting tem peraturę, both  a t pH  7.8 and 4.6.

It is also w orth noting that, both  for the copolymers, and their complexes with 
homopolymers, to be discussed below, the cooling profiles usually differed from  
the first heating profile (cf. e.g. Fig. 7B), and the second melting profile was usually 
different from  the first one. This phenom enon may be ascribed to the therm olability 
of phosphodiester bonds as in the case of the hom opolynucleotides poly-X and 
poły-A (Barszcz & Shugar, 1964; Fikus & Shugar, 1969) (at neutral pH  above 60° 
and 70°, respectively). It is also possible tha t the copolymer, consisting of two ran- 
domly distributed residues, renaturates with greater difficulty than  a hom opolym er, 
and it would thus be impossible (especially in the case o f complexes with hom opo
lymers) to  reproduce, after cooling and before heating again, a structure identical 
w ith the initial one. This may be reflected in the changes of the spectra of the 
complexes before heating, and after heating and cooling. It could be a simple model 
o f renaturation of natural nucleic acids, which are polydisperse from  the stand- 
point o f prim ary structure.

Therefore all experiments were made on samples melted only once. While measu- 
ring sedim entation constants, in the entire series o f copolymers, some degradation 
was noted during storage of the preparations, which was also observed in the case 
of poly-U and poly-rT, but was attributed  to the action of endonuclease, not isolated 
from  preparations, after their synthesis during deproteinization. Because of the 
already m entioned therm olability of seąuences -XpX-, -ApA- and probably 
-U pX pU - and -АрХрА- the stability o f polynucleotide preparation could not be 
improved by attem pted inactivation of the hypothetical enzyme at 100° (as is usually 
done with poly-U or poly-rT preparations).

Complexes o f  copolymers X U  and X A  with homopolynucleotides

Complexes of copolym ers o f both  X U  and  XA series with hom opolynucleotides 
appear to be promising, because of the high potential possibility of form ation of 
base-pairs by hydrogen bonding of xanthine with other bases.

Thus, from  a theoretical point o f view, copolymers X U  and XA should form  
complexes with poly-U  and analogues, and w ith poly-A and poly-X. W hether both 
copolymer com ponents will со тр іех  with hom opolym er depends on steric conside- 
rations and also therm odynam ic param eters o f the system.
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T a b le  5

Characteristics o f  complexes obtained, with respect to proportio n ofbases in complexes 
and formation o f  loops by base residues

Polynucleotide
mixture

C om plexing conditions In the с о т р іе х  
take part:

The loop s were 
form ed b y :

x u 69+ a pH  7.0, 0.1 M-Na + (1A :1U ) X  residues
x u 20+ a pH  7.0, 0.2 M-Na + (2X U :1A ) -
xu20+u pH  7.8, 0.1 M -Na+ (1X :1U ) U  residues
x a 87+ u pH  7.8, 0.05 M-Na + ( 1 X A : 1 U ) -

pH  7.8, 0.3 M-Na+ (1X A :2U ) -
x a 87+ x pH  7.0, 0.1 M -Na+ (1X A :2X ) -
x a 65+ u pH  7.8, 0.05 M-Na + (1A :1U ) X  residues
x a 65+ x pH 7.0, 0.1 M-Na + (1A :2X ) X  residues
x a 26+ u pH  7.8, 0.1 M-Na + (1X :1U ) A  residues
x a 26+ a pH  7.0, 0.2 M-Na + (2 X : 1 A) A  residues
X U 8 8  and X U 8 4  +  A pH  7.0, 0.1 M-Na + (1A :1U ) X  residues

(1A :2U ) X  residues
pH  7.0, 1 M-Na + (1A :1X U ) ?

( 1 A : 2 U ) X  residues
5 x  10~ 5 м-spermine (1A :1X U ) 7

(1A :2U) X  residues

Table 5 presents a com parison of complexes obtained, cornplexing conditions 
and conclusions re the structure of the complexes obtained. [t shows that if a copo- 
lymer contains at least 65 % of one com ponent, this m ajor com ponent can interact 
w ith the com plem entary base of the added hom opolym er. It can also be seen that 
in the majority of instances, and as is also reported in the literaturę (Ichikawa, 
Fujita, M atsuo & Tsuboi, 1967; Tsuboi, M atsuo & N akanishi, 1968), the second 
com ponent does no t react with the hom opolym er, thus probably forming extra- 
structural loops. These conclusions are based on mixing curves of complexing 
com ponents, and also follow from  com parisons of transition tem peratures and 
the profile breadths o f the complexes with appropriate hom opolym er complexes 
(cf. Tables 6 and 7 and Figs. 8 - 10, 12 - 14). But in no less than 6 instances, both 
melting profiles and mixing curves suggest that the two copolym er com ponents 
take part in the form ation of secondary structure with the hom opolymer. Therefore 
these instances cali for special attention.

С о тр іех  (2X U 20:A) is similar to the hom opolym er со т р іех  (Fikus & Shugar,
1969) (Fig. 8) i. e. form ed in two stages. It is w orth recalling that there are theoreti- 
cal possibilities of interactions 2U :1A  and 2X:1A, but, w ithout constructing a space- 
filling model, it cannot be established w hether in the с о т р іех  (2X U 20:1A) all the 
accessible bases are hydrogen bonded. It can be assum ed e.g. tha t in the initially 
form ed со тр іех  (X U 20:A), both X and U binds via hydrogen bonds with A, but 
after the rearrangem ent (X U 20:A )+ X U 20 (2X U 20:A) the second chain X U 20
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T a b le  6

Comparison o f  interaction in 0.025 м-phosphate buffer, pH 7.8, o f  complementary 
pair X : U in various complexes as indicated

С о т р іе х M-Na +
Tm

C C )
A T
co,

H yperchrom icity  
at 275 mp

(% )

(X :U ) 0 . 1 46 1.5 57
(X U 2 0 :U) 0 . 1 41 8.5 57
(X U 8 4 :X) 0 . 1 33 11.0 46
(X :U ) 0.15 48 1.5 57
(X U 2 0 :U) 0.15 44 4.5 57

T a b le  7

Transition temperatures o f  various conip!exes o f  poły-A with poly-U, poły-A with 
poly-X U 88, and poły-A with poly-XU 84, all in 0.025 м-phosphate buffer, pH  7.0

C onditions for 
с о т р іе х  form ation

С о т р іе х
com ponents

Type o f transition

(A :U ) —> 
A + U

2  (A :U )  
(A :2U )

(A :2U) ->  
( A :U ) + U

(A :2 U ) —► 
A + 2 U

0.1 M-Na + A  +  U 54 51
a + x u 8 4 42 32
a + x u 8 8 45 30

1 M-Na + A + U 45 85
a + x u 8 4 50 • 58

0.1 M -N a+;
1 0 - 3  м-spermine A  +  U 39 83

5 x  10— 5 м-spermine a + x u 8 4 38 57
A + X U 8 8 46 71

becomes extended, w ithout form ing loops, along the existing со тр іех  (X U 20:A) — 
and the hydrogen bonds are form ed only between the X residues of the second 
copolym er chain and the A residues o f the homopolymer.

Figurę 8 exhibits the form ation and melting processes of the со тр іех  poly- 
(2X U 20:1A) in 0.2 M -Na+ , pH  7. A  similar experim ent was carried out in 0.05 м 
and 0.1 M -Na+ — with a rather surprising result. As shown by melting profiles over 
the entire investigated rangę of cation concentration (0.2 - 0.05 m ), only the со тр іех  
o f type (2X U 20:1A) is form ed, but the cation concentration has hardly any influence 
on the stability o f the сотр іех . Tm values in 0.05 м, 0.1 м and 0.2 M -Na+ are 84, 
86 and 86°, respectively. Tm values of poly-(2X :lA ), under the same conditions, were 
84, 80 and  74°, respectively (Fikus & Shugar, 1969). These data provide additional

64
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F ig. 8 . С о т р іе х  form ation between p o ly -X U 2o and po ly-A  in 0.025 м -phosphate buffer, pH  7.0, 
and 0 .2 M -N a +. A :  P o ly -X U 2o mixed with poly-A  in ratio 2 : 1  to give an absorption at 255 mp 
denoted by point c. Point b denotes arithmetic sum  o f  com ponents. Solution heated to 47° (transi- 
tion / ) ,  cooled  to 15° (point a) and again heated to give profile II. В : M ixing curve o f  eąuim olar

Solutions o f  p o ly -X U 2 0  and poly-A.

Fig. 9. A : Temperaturę profiles, in 0.025 м-phosphate buffer, pH  7, and 0.1 M-Na + of: (a), (2 X :X A 87); 
(b), (2X :A ); (c), (2 X :X A 65); (d ), (2X A 2 6 :A) in 0.2 M-Na+. В : M ixingcurve o f  poly-X  and p oly-X A 8 7

at pH 7.0 and 0.1 M-Na+.

evidence that the U residues also participate in the form ation of poly-(2XU20:lA), 
as the influence of increasing concentrations of univalent cations on the A :U  pair 
is stabilizing, and on the pair X :A  — destabilizing.

Among the group o f complexes of type (2X:1A) note in particular the со тр іех  
(2X :X A 87) (Fig. 9A, curve a), which melts at considerably higher tem peratures 
th an  the hom opolym er с о тр іех  (2X:1A) (Fig. 9A, curve b). A t the same tim e the 
mixing curve points to  the absence of loops in the polymer (Fig. 9B). These data 
suggest that, in this instance, the assum ption concerning the spatial structure should 
be different than for the homopolymers, int. al. the interactions in one piane of three 
X  residues would have to  be taken into consideration.
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W ithin the group of complexes of type (2X:1A), the stability (Fig. 9A) changes 
in the following order:

(2X :X A 87) >  (2 X :A )x  (2X U 20:A) >  (2X :X A 65) >  (2XA26:A).

In the case of complexes of poly-XA87 with poly-U, the mixing curves, both 
at Iow and high ionic strength, point to the absence of loops (Fig. 10). Com parison 
of melting profiles of double-stranded complexes poly-(XA87:U) and poly-(A:U) 
points to their identical stability (eąual Tm values and hyperchromicity) (Fig. 10A). 
The structure of the triple-stranded со тр іех  (X A 87:2U) is weakened, 7^ =  61°, 
in relation to the со тр іех  of homopolymers (A :2U), Tm — 70°. Perhaps this is re- 
levant to the fact that the second chain of poly-U can hydrogen bond only with

F ig. 10. A : Temperaturę profiles, in 0.025 м-phosphate buffer, pH  7.8, o f  com plexes o f  p o ly-X A 8 7  

and po ly-U : (a), (X A 8 7 : U ) - >  X A 87+ U  in 0.05M-Na + ; (b ), ( A : U ) - > A  +  U  in 0.05 M-Na + ; (c), 
(X A 8 7 :2 U )->  X A 8 7  +  2 U  in 0.3 M-Na+. В : M ixing curves o f  equim olar Solutions o f  p o ly -X A 8 7  

and p o ly -U  at pH  7.8: (O ) ,  0.05 M-Na + ; ( • ) ,  0.3 M-Na+.

A, and not with the X of copolymers. Hence, taking into consideration the mixing 
curve, it is conceivable in this instance that the third chain is stretched along the 
double-stranded со тр іех  and bonded with it by U :A  interactions. This recalls 
the structure of the со тр іех  (8BrGA77:2U), suggested by Ikehara et al. (1969), 
in which after attaining equilibrium, 8Br-guanosine does not form  loops outside 
the structure (the authors arrived at this conclusion by analysing mixing curves 
of the components), notw ithstanding that the со тр іех  melts 5 -8 °  lower than the 
с о тр іех  o f homopolymers (2U:1A).

In a group of complexes of (U :A ) and (2U:A) type, when either X U 84 or X U 88 
are the copolymers, the mixing curves are сотр іех , and only the shape o f profiles
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Fig. 11. Temperaturę profiles in 0.025 м-phosphate buffer, pH  7.0, o f  p o ly -(A :X U 84) at indicated  
percent ratios o f  com ponents and wavelengths o f  m easurem ent: A :  0.1 M -Na+. B: 1 .0M -N a+.

C: 0.1 M-Na+, 5 X 10“ 5 м-spermine.
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and the Tm values may indicate, as denoted by ąuestion m arks in Table 5, that there 
are no loops in the case of (A :X U ) сотр іех  in lM -Na+ or 5 x l0 ~ 5 M-spermine 
(Fig. 11). From  the experiments, it follows tha t:

1. If  the mixing is carried out at Iow ionic strength (0.1 M -N a + ) , then in 1 A +  
1XU mixture, (A :X U ) со тр іех  is formed, directly melting and separating both 
chains; whereas in the 1A + 2X U  mixtures, (A :2XU) со тр іех  is first formed, which 
then eliminates first one chain of free XU, following which the (A :XU) сотр іех  
melts. The conformity of melting tem peratures of double-stranded complexes in 
both types of mixtures has been established (Table 7, Fig. 11 A).

2. If  the mixing is carried out at high ionic strength (1 M-Na+) or in the presence 
of equivalent spermine concentrations, in 1A + 1X U  mixture, (A :XU) сотр іех  
is form ed, which first rearranges to  (A :2X U ); and then melts out to the three chains. 
In 1A + 2X U  mixture, only (A:2XU) со тр іех  is formed, which melts in one stage 
with the same melting tem peraturę as in the 1 :1 mixture (Fig. 11 В, C).

These data correspond to the diagrams for the form ation of A + U  complexes 
in the work of Stevens & Felsenfeld (1964), which are fully described by Higuchi 
& Tsuboi (1966).

The complexes investigated are form ed at room  tem peraturę immediately after 
mixing of the com ponents. Hyperchrom icity of complexes, to  a greater extent, 
depends on the length of X U  copolymer chains, and decreases quite rapidly during 
storage of the copolymer. Table 7 shows th a t transition tem peratures in copolymer 
series are usually lower than  those for hom opolym er complexes, with the exception 
of the transition of type 2(A:U) -> (A:2U). This, in the case o f copolymers, is the 
result o f smali extension on tem peraturę scalę of transitions of the following type: 
(A :U ) -> (A:2U) and (A :2U) -> A + 2 U . The double-stranded с о тр іех  is slightly 
weaker in the case of A -|-X U  than  A + U , bu t considerable differences are evident 
in the stability of triple-stranded complexes.

F IN A Ł  C O N C L U SIO N S

Generally speaking, in the group of copolymers of X U  and XA types, the self- 
structure of the polymer resembles the structure of the hom opolym er o f the m ajor 
com ponent, tha t is, it can be attributed  to  the actions o f equal bases of the same or 
neighbouring chain. In all cases investigated the presence o f a second base decreases 
the co-operative character o f structural transitions, whereas the transition tem pera
turę may be equal in the copolymer and hom opolym er (XA87, X U 20, X A 26) or 
even higher in the copolymer (X U 69). These facts suggest the possibility of stabi- 
lizing secondary structures by heterologous interactions, e.g. X :U  or X :A . Thus 
it cannot be excluded th a t copolymer secondary structures differ from  structures 
o f corresponding hom opolym ers e.g. they are form ed w ithin the same chain instead 
o f between two separate chains.

It has been shown th a t investigations on copolymer secondary structure may 
throw  more light on hom opolym er structure investigated under the same conditions

http://rcin.org.pl



X A N T H ’IN E -U R A C IL  A N D  X A N T H IN E -A D E N IN E  C O PO L Y M E R S 69

(e.g. poly-X U 20 and poly-X at pH  <  6). The present results also point to the possi- 
bility of сошріех form ation between one copolymer com ponent and its comple- 
m entary hom opolymer, under conditions where the copolymer contains at least 
65 % o f this com ponent. The structures of such complexes (at a considerable content 
of the second non-complexing com ponent in the copolymer) melt less co-opera- 
tively, and the transition tem peratures are markedly lower than the melting tem pera- 
tures o f hom opolym er complexes. Mixing curves point to the form ation of loops 
outside the structure by non-complexing bases. In  the experiments the existence 
was also found of complexes which, it seems, іпѵоіѵе the participation o f both 
copolymer com ponents. In these instances the structural transition is as co-operative 
as in the hom opolym er со тр іех , and the Tm values of the transitions eąual, or 
even higher. N one of these complexes can be described in terms of p lanar base 
models and stabilizing interactions by hydrogen bonding in one piane.

The com parison of complexes similarly perturbed, e.g. (XA26:U) and (X U 84:X) 
is also interesting; judging by the course of melting curves, less perturbed structure 
is th a t o f a copolymer composed of two purines than  of a purine and pyrimidine 
(Fig. 12). Similarly, in double-stranded complexes of poly-(XU69:A) and poly- 
(XA65:U) (Figs. 13 and 14), more stable is the с о тр іех  in which the copolym er is 
com posed of two purines, although in both  instances the X  residues form  loops 
outside the ordered structure.

Smaller perturbances of structure are observed in the (2X :X A 65) со тр іех  than 
in (2XA26:A) (Fig. 9). In the second со тр іех  the yarious loops are probably form ed

Fig. 12. A :  Temperaturę profiles, in 0.025 м-phosphate buffer, pH  7.8, and 0.1 M-Na+ o f  (X :U )  
type com p lexes: (a), p o ly -(X :U ); (b), p oly-(X A 2 6 :U ); (с), p o ly -(X U 2 0 :U ); (d ), p o ly -(X U 8 4  :X). 

B: M ixing curve o f  p o ly -U  and p o ly -X U 20.
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F ig . 13. Secondary structure o f  p o ly -(X U 6 9  :A) in 0.025 м-phosphate buffer, pH  7.0 and 0.1 M-Na+ : 
A : (a), m ixture o f  60% X U 6 9  a n d 40% A ; (b), p o ly -(A :U ). B: M ix in g cu rv efo r  p o ly -X U 6 9  and poly-A .

F ig . 14. A :  Profiles in 0.025 м-phosphate buffer, pH  7.8, and 0.05 M-Na+ of: (a), po ly-(X A 6 5 :U ); 
(b), p o ly -(A :U ). B: M ixing curve for equim olar Solutions o f  p o ly -X A 6 5  and p oly-U .

outside the structure but are from  different copolym er chains. In the first со тр іех  
only one copolym er chain forms the loops.

The more generał biological conclusion drawn from  the present results would 
be to  emphasize the essential significance o f nucleotide seąuences in the nucleic 
acid chain in estim ating the m utagenic effect on a single base, and also the fact 
th a t the form ation of xanthosine residues in the chain as a result o f m utation  does 
no t necessarily lead to  disruption o f the structure in this region o f the molecule by 
ejecting xanthine to an extrastructural loop.
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However, all the conclusions from the present experiments must be form ulated 
with reserve, sińce we must bear in mind tha t not much is known about the prim ary 
copolym er structures, apart from  the a priori assum ption tha t they are formed by 
random  distribution of both  residues, and the data  on secondary structure are 
inferred indirectly from  absorption spectroscopy. It is likely th a t these conclusions 
could be extended with the aid of O RD  and CD measurements.

We are indebted to Professor David Shugar for many helpful discussions and 
suggestions; to Mr. H. Sierakowski for sedim entation m easurements; to Mrs. D orota 
Baryla-Haber for skilful technical assistance; and to  the Wellcome Trust, the W orld 
H ealth Organization and the Agricultural Research Service, U.S. Dept. o f Agri- 
culture (UR-E21-(32)-30) for support o f this and related investigations.
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B A D A N IE  S T R U K T U R  K O PO L IM E R Ó W  K S A N T Y N Y  Z U R A C Y L E M  I K S A N T Y N Y  
Z A D E N IN Ą  O R A Z  IC H  K O M PL E K SÓ W  Z H O M O P O L IN U K L E O T Y D A M I

S t r e s z c z e n ie

1. Za pom ocą fosforylazy polinukleotydow ej z M . lysodeikticus  przeprow adzono syntezę 
szeregu kopolim erów  ksantyny z uracylem  lub adeniną.

2. Stw ierdzono, iż w przypadku kopolim eru o przewadze jednego ze składników  struktura 
własna kopolim eru przypom ina strukturę odpow iedniego hom opolinukleotydu.

3. Z badano wpływ selektywnej hydrolizy kopolim erów  specyficznym i enzym am i (R N aza  
trzustkow a i T ó  na strukturę własną niestrawionych fragm entów  kopolim eru.

4. Z badano szereg kom pleksów  kopolim erów  z potencjalnym i kom plem entarnym i hom o- 
polinukleotydam i, poli-X , p o li-U  i poli-A . O ddziaływ ania obu składników  kopolim eru z hom o- 
polim eram i oceniano m etodą zm ian ciągłych i poprzez pom iary profili temperaturowych.

5. W ykazano, że w 6  na 16 zbadanych kom pleksów  istnieją podstaw y do przypuszczeń, iż
obie zasady kopolim eru oddziałują z zasadą hom opolim eru.

6 . D yskutuje się wpływ środow iska oraz sekwencji kopolim eru na jego m ożliw ości strukturo- 
tw órcze, a także ew entualne im plikacje biologiczne stw ierdzonych zjawisk.

Received 18 September, 1969.
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R EC EN ZJE K SIĄ Ż E K

P R O G R E SS IN  T H E  C H E M IST R Y  O F F A T S A N D  O T H E R  LIPID S. V ol. X , part 3 (R . T. 
H olm an , ed.). L. D . Bergelson: D io l Lipids. F. Snyder: The Biochem istry o f  Lipids Containing  
Ether B onds. Pergam on Press, Oxford, L ondon, Edinburgh, N ew  Y ork, T oronto, Sydney, Paris, 
Braunschw eig 1969; str. 100; cena 4 2 .—s, 5 .0 0 $ .

O m aw iana książka zawiera kolejne dwie m onografie w ramach dużej serii wydawanej od wielu  
lat a pośw ięconej postępom  chem ii i biochem ii lipidów .

Pierwsza m onografia dotyczy lip idów  diolow ych, to  jest zw iązków , w których kom ponentą  
alk oh olow ą są dw uhydroksylow e pochodne etanu, propanu, butanu itp. Przez wiele lat, m im o  
stosow ania subtelnych m etod rozdzielczych, uchodziły one uwadze badaczy. Stanow ią one bowiem  
niew ielki odsetek lip idów  naturalnych, a w łaściw ościam i są bardzo zbliżone do glicerydów. Od 
niespełna dziesięciu lat zaczęły pojaw iać się doniesienia o obecności alkoholi dw uhydroksylow ych  
w  hydrolizatach naturalnych tłuszczów . D rogą pośrednią w ydedukow ano istnienie naturalnych  
lip idów  dw uhydroksylow ych analogów  trójglicerydów , fosfo lip idów , pochodnych eterów zarów no  
alkilow ych, jak i a lk -l-enylow ych  oraz innych lipidów . N iektóre z lip idów  diolow ych udało się 
w yizolow ać w czystej postaci, a ich budow ę potwierdzić syntezą. D u żą  część m onografii autor pośw ię
cił zagadnieniom  chem icznym  i m etodycznym . Szeroko zostały om ów ione takie zagadnienia, jak  
izolow anie, różnego rodzaju rozdziały chrom atograficzne, w łasności fizyczne a także sprawy zw ią
zane z syntezą om aw ianych zw iązków . A spekty biochem iczne lipidów  diolow ych zm ieściły się zaledwie 
na dw óch stronach. N ie  sposób  z tego jednakże zrobić autorowi zarzutu, należy jedynie uzm ysło
wić sobie, jak  nikłe w iadom ości posiadam y na tem at przemiany tych zw iązków . Piśm iennictw o  
obejmuje 95 pozycji.

D ruga m onografia dotyczy zw iązków  odkrytych już daw no, których najbardziej znanymi 
przedstawicielam i są plazm alogeny. P lazm alogeny (a lk -l-en yl glicerofosfatydy) były przedm iotem  
wielu wyczerpujących opracow ań. A utor postanow ił dokonać ogólnego przeglądu wszystkich li
p idów  zawierających w iązania eterowe. D otyczy to  alkilow ych i alk -l-enylow ych  pochodnych  
m onoacyloglicerofosfatydów , m ono- i dwuacyloglicerydów  a także lip idów  diolow ych. R ozdział 
pierwszy wprowadza ład w dość zagmatwanej nom enklaturze om aw ianych zw iązków ; następne 
zawierają dane o rozm ieszczeniu lip idów  eterowych w tkankach, kom órkach i elem entach sub- 
kom órkow ych, a ponadto om awiają wpływ i znaczenie tych lip idów  dla czynności organizm u. 
M etabolizm  naturalnych lipidów  eterowych zajmuje w iele m iejsca w m onografii. Szeroko zostały  
om ów ione dane dotyczące biosyntezy i rozpadu. A utor cytuje 271 prac zaczerpniętych z piśm ien
nictwa.

W śród opracow ań zajmujących się lipidam i książka stanowi cenną pozycję i w inna się znaleźć 
w bibliotekach biochem icznych.

R yszard  Niem iro

PH Y SIO L O G Y  A N D  P A T H O PH Y SIO L O G Y  O F  P L A S M A  P R O T E IN  M E TA BO L ISM . Pro- 
ceedings o f  the International Sym posium  held in Stockholm , M ay 1967 (G . Birke, R . N orberg & 
L.-O. Plantin, eds.). W enner-G ren Center International Sym posium  Series, vol. 12. Pergam on Press, 
Oxford, L ondon , Edinburgh, N ew  Y ork, T oronto, Sydney, Paris, Braunschweig, 1969; str. 264, 
cena $ 12.50.
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K siążka stanow i zbiór referatów w ygłoszonych w czasie czwartej z  kolei konferencji z cyklu  
„F izjo log ia  i patofizjologia m etabolizm u białek surow icy krwi.” O grom ny rozwój badań w dzie
dzinie przem iany białek, jaki notuje się w ostatnich latach, skłonił organizatorów  konferencji d o  
ograniczenia tematu głów nie do przem iany album in i im m unoglobulin. W ygłoszono  28 referatów, 
które przedstawione są w form ie publikacji z całą dokum entacją i piśm iennictwem  oraz dyskusją.

Tem atycznie książka podzielona jest na pięć części. Część pierwszą — R ozdzielan ie, o czy sz
czanie i znakow anie białek — zajmuje referat J. K illandera pośw ięcony badaniom  w łasności che
m icznych i m etabolizm u znakow anego białka. C zęść druga — K inetyka — zawiera trzy prace
na tem at m etod badania m etabolizm u znakow anych białek. Część trzecią — Regulacja i synteza
białka — wypełnia dwanaście referatów om awiających syntezę, rozpad i regulację syntezy albumin  
oraz m etabolizm  im m unoglobulin  (IgG , IgA , IgM  i IgD ). Zespoły utraty białka to czwarta część  
książki. Składa się na nią osiem  prac om awiających przem ianę białek w  niektórych jednostkach  
chorobow ych. O statnia część — R óżne — zawiera cztery referaty pośw ięcone przem ianie witam iny  
B i 2, przem ianie lipoproteidów  i roli album in i globulin w ciśnieniu koloidalno-osm otycznym  
w przypadkach oparzeń.

Bardzo ciekaw ą częścią książki jest przytoczona dosłow nie żywa i wnikliw a dyskusja. D yskusja  
ta, w  której uczestniczyli tacy specjaliści w tej dziedzinie jak  D o n a to , G arby, M cFarlane, A ndersen, 
N osslin , Freem an, Vetter, K illander i P lantin, obrazuje różnice w interpretacji obserw ow anych  
faktów  i daje jasny obraz współczesnej w iedzy o  m etabolizm ie białek.

T om  zdobi fotografia uczestników  K onferencji.
Ina G ąsiorowska

F. F r a n z e n  and K. E y s e l l ,  B IO L O G IC A L L Y  АС Т ІѴ Е A M IN E S  F O U N D  IN  M A N . 
Their B iochem istry, Pharm acology and P athophysiological Im portance. P ergam on Press, Oxford  
1969; str. 244, cena 100/—  s., $ 13.50.

Od czasu ostatniej publikacji zbiorczej M . G uggenheim a z 1951 r. przybyło w iele informacji 
na tem at m etabolizm u, zaburzeń, w zajem nego oddziaływ ania i stanów  fizjologicznych i p ato
fizjologicznych związanych z przem ianami am in biogennych w ustrojach żyw ych. R ecenzow ana  
książka krótko i bardzo w spółcześnie w prow adza czytelnika w skom plikow ane i nie całkiem  jeszcze  
w yjaśnione m echanizm y działań aktyw nych dla człow ieka am in, jak tyramina, katecholoam iny, 
serotonina i histam ina.

W  części pierwszej podano zasady i schem aty biosyntezy i rozpadu biologicznie aktyw nych  
am in, enzym ów  uczestniczących w tych przem ianych oraz aspekty fizjologiczne i patologiczne  
tych przemian. D ruga część relacjonuje krótko w łasności farm akologiczne am in biogennych, 
ich rolę fizjologiczną jako przenośników  w  układzie nerw ow ym , w pływ  na ciśnienie krwi, funkcje  
nerek i innych organów . Ostatnia część jest pośw ięcona znaczeniu om aw ianych am in w procesach  
patofizjologicznych, zaburzeniach neurohorm onalnych oraz w szeregu jednostek  klinicznych, jak  
phaeochrom ocytom a, guzy układu nerw ow ego (ganglioneurom a i neuroblastom a, ganglioneuro- 
blastom a i in.).

Obszerne piśm iennictw o (1890 pozycji), cytow ane w ostatnim  rozdziale, relacjonuje wykrycie 
wielu różnorodnych am in w stanach patologicznych oraz patologicznych odchyleń przem ian amin  
biogennych. Pow yższy rozdział stanow i inteligentnie zebraną kom pilację obszernej literatury kli
nicznej i badań laboratoryjnych z tego zakresu, przydatną zarów no dla lekarzy-praktyków , jak  
i analityków  wdrażających now e badania diagnostyczne w laboratoriach przyszpitalnych. D la  
biochem ików  zaś duża ilość pochodnych am in biogennych wykrytych w stanach niepraw idłow ych  
przemian jest w ielce interesującym dow odem  m ożliw ości produkcyjnych ustrojów żyw ych — zm ie
nionych w wyniku zaburzeń wyw ołanych chorobam i. Śledzenie różnorakich bocznych łańcuchów  
przem ian oraz procesów  enzym atycznych nasilających te przemiany stanow i również m iłą gim na
stykę intelektualną.
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N atom iast w adą tego rozdziału je sl spojrzenie na zaburzenia patofizjologiczne ustroju ograni
czone niem al w yłącznie do zm ian biochem icznych m etabolitów , próby doszukiw ania się przyczyn  
wielu różnych schorzeń tylko na podstaw ie w yników  laboratoryjnych oraz n ieco m echanicystyczne  
spojrzenie na całość procesów  zw anych odchyleniem  od  norm y fizjologicznej. N ie  jest to  winą  
autorów , którzy niesłychanie sum iennie zebrali i przedstawili tak obszerne piśm iennictw o z zakresu  
am in biogennych występujących w  ustroju człow ieka, lecz chyba w ypadkow ą spojrzenia w iększości 
badaczy zajm ujących się tą  dziedziną biochem ii i farm akologii.

W  konkluzji — książka zawierająca tyle odnośn ików  źródłow ych oraz doskonale zestaw ionych  
tablic zbiorczych w inna znajdow ać się w  rękach każdego, k to zajmuje się lub m a zamiar zapoznać  
się z  obszerną i n ie zbadaną jeszcze dziedziną biologicznie aktyw nych am in w  ustroju żywym .

Janusz W ysokow ski
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