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

Vol. X  1963 N o. 1

J. ROGULSKI and S. ANGIELSKI

EFFECT OF MALEIC ACID ON THE KIDNEY

II. H Y D RO G EN  DONORS IN  TH E RED U CTIV E A M IN A TIO N  
O F a-K E T O G L U T A R A T E  IN  R A T  K ID N EY  AND L IV ER

D ep a rtm en t o f  B io ch em is try , M edica l Schoo l, G dańsk , and  In s titu te  o f B io c h e m is try  
an d  B iophysics, P o lish  A c a d e m y  o f Sc iences

In experim ents on the  synthesis of amino acids by w ashed cell 
particles of ra t k idney  and liver [6] certain differences betw een those 
tissues w ere observed. The yield  of am ino acids synthesis w as d ifferen t, 
and th e  ratio  of a-ke tog lu ta ra te  utilization to the  increase of am ino 
n itrogen was in liver about 1.8 and in kidney 5.0. Besides, in k idney  an  
addition of ATP was necessary for a good yield of am ino acids synthesis, 
and a d ifferen t effect of m aleate on each of these tissues was also 
observed. In  kidney, 50% inhibition of ketog lu tarate  consum ption and  of 
am ino acids synthesis occurred a t 5X 10 -4  м -m aleate concentration.

The experim ents presented in th e  first part of this series [2] indicated 
tha t in m aleate-trea ted  ra ts  the  inhibition of the  oxidation of K rebs cycle 
in term ediates occurred only in kidney. One of the  m ain sym ptom s o f ' 
m aleate intoxication is am inoaciduria [see ref. 1], and to explain th is 
phenom enon the  possible ways of amino acids synthesis in the  k idney 
had to  be considered. Therefore the  experim ents in vitro  w ere undertaken  
in which th e  am ination of ke tog lu tara te  was coupled w ith various 
reactions providing hydrogen. The differences betw een kidney and liver 
w ere also found especially in  th e  reaction in which c itra te  was the  donor 
of hydrogen and precursor of a -ketog lu tara te  as well.

To verify  th e  suggestion m ade previously [6] th a t m aleate  inhibits 
the  oxidative decarboxylation of ke tog lu tara te  and has no effect on the  
reductive am ination, the  effect of m aleate on am ino acids synthesis 
coupled w ith dehydrogenation of citrate, m alate and glucose-6-phosphate 
(G-6-P) w as studied. It was found th a t m aleate indeed did  not inhibit 
the  reductive am ination since am ination did occur if the  reaction which 
provided hydrogen was not sensitive to m aleate. It also appeared th a t 
of the  reactions tested  only ke tog lu ta ra te  oxidation w as inh ib ited  by 
m aleate.

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



2  J .  R O G U L SK I a n d  S. A N G IE L SK I [2]

EXPERIMENTAL

Materials and methods

Washed cell particles. Liver and kidney of w hite ra ts  w ere used. A fter 
cooling, the  tissues w ere homogenized w ith 6 volum es of tris  buffer in 
a glass homogenizer, and suspensions of washed cell particles were 
prepared according to B artley  et al. [3]. For the  'homogenization
0.05 м-tris-H C l buffer, pH 7.2, was used which contained additionally
0.1 M-KC1, 0.001 M-MgS04 and 0.001 м-EDTA. The details w ere described 
in the  previous paper [6].

Incubation. The synthesis of am ino acids in the  liver was exam ined 
in a system  containing 75 u-moles tris  buffer, pH 7.2; 100 vimoles KC1;
1.5 mmoles M gS04; 1.5 nmoles EDTA, and 90 nmoles NH4C1. The am ounts 
of substra tes and of m aleate are  given in the  Tables. M aleic acid was 
added a fte r neutralization. In  the  experim ents w ith k idney  5 nmoles 
ATP was added. The final pH of the incubation m ix tu re  was 7.2, the  
volum e 3 ml. The reaction was in itia ted  by adding washed cell particles 
in the am ount corresponding to 200 mg. of w et weight of tissues. The 
incubation was carried  out for 60 min. in the  atm osphere of air, a t 38° 
w ith  constant shaking.

Analytical methods. In the filtra tes deproteinized w ith  trichloroacetic 
acid, c itrate  was determ ined according to Beutler & Yeh [4], and  ketoacids 
by the  F riedm ann & Haugen m ethod [5]. Amino nitrogen was estim ated 
in the  ethanol filtra tes by the  Yemm & Cocking m ethod [7]. The control 
test for th e  increase of am ino groups was the  whole system  w ithout 
NH4C1. Thus the  net increase of N-NH2 represen ted  th e  synthesis of 
am ino acids from exogenous ammonia. The m ean values from  16 determ i
nations for endogenous N-NH2 in liver were 22.0 ± 5 .6  and  in  kidney
35.6 ±6.2  umoles per gram  of tissue.

Reagents. Citric acid A.R., NH4C1 A.R., and m alonic acid (Biuro 
Odczynników Chemicznych, Gliwice, Poland). Maleic acid (USSR). 
ATP, sodium  fluoroacetate, and NADP (CalBiochem). Malic acid and 
tris (Light). G lucose-6-phosphate barium  salt was a gift from 
Dr. M. Orłowski.

Citrate as a hydrogen donor in the reductive amination  
of a-ketoglutarate

A fter the incubation of washed cell particles of liver or kidney 
w ith c itrate  and  am m onium  chloride, there  was an  increase in N-NH2 
(Table 1). The synthesis could proceed through tw o chains of reactions. 
In the  first one (reaction 3) from  tw o m olecules of c itra te  two keto- 
g lu ta ra te  are  form ed and  then  the  d ism utation reaction leads to the  
synthesis of one m olecule of g lu tam ate (reaction 2).

http://rcin.org.pl



[3 ] E F FE C T  O F MALE ATE ON K ID N E Y . I I .  3

T able  1

Effect o f maleate on the synthesis o f amino acids from citrate and ammonia by washed 
cell particles o f rat kidney and liver

The composition and the conditions of incubation are given in Methods. The amount of citrate 
added was 6Э /m oles, corresponding to 30Э //moles per g. of wet tissue weight. In the experiments 
with kidney 5 //moles of ATP were additionally added. The average values of endogenous N -N H 2 

are for the liver 22.0 ±  5.6 and for the kidney 35.6 ±  6.2 //moles per g. of tissue. The values given 
for N -N H 2 represent the net increase. The mean values, ± S .D ., from 7-8 experiments are given

Tissue
Maleate

(M)

Consum
ption of 
citrate

I
Calculated 

Ketoglu- consum- 
tarate ption of 
found ketoglu

tarate
1

(//moles/g. tissue/hr.)

Increase 
of N -N H 2

Consum
ption of 
citrate

Consum
ption of 
ketoglu

tarate
Increase 

of N -N H 2 Increase 
of N -N H 2

Liver _ 111.0 18.0 93.0 55.5 2.0 1.7
±19.3 ±5.3 ±17.7 ±14.4

8 X 1 0 - 2 159.5 35.5 124.0 112.0 1.4 1.1
±38.3 ±7.8 ±35.7 ±36.1

Kidney — 226.0 66.5 160.0 81.5 2.8 2.0
±21.0 ±8.9 ±27.9 ±17.2

10-2 218.5 128.5 90.0 79.5 2.7 1.1
±21.7 ±15.4 ±19.0 ±19.6

2 X 1 0 - 2 214.0 122.0 92.0 80.5 2.7 1.1
±19.5 ±42.2 ±16.3 ±24.9

2 citrate  ->■ 2 ketog lu ta ra te  +  2CO2 +  4H (1)
2 ke tog lu ta ra te  +  NH3 -x  g lu tam ate  +  succinate +  CO2 (2)

Sum: 2 c itra te  +  NH3 -> g lu tam ate  +  succinate +  ЗСО2 +  4H (3)

The ra tio  of the  consum ption of ke tog lu tara te  form ed from  citrate  
to the synthesis of N-NH2 should be the  sam e as  w hen ketog lu tara te  is 
directly used, that is 2 o r more. In  liver this ra tio  was found to be 2.0, 
w hereas in kidney 5.0 (Table 3). It follows th a t in kidney to the  form a
tion of one m olecule of g lu tam ate corresponded th e  consum ption of as 
much as five m olecules of ketoglu tarate ; four of them  becam e oxidized 
to succinate.

A lternatively  (reaction 6) a coupling of the  reaction catalysed by 
isocitrate dehydrogenase w ith the  reductive am ination can take  place:

c itra te  -x  isocitrate -x  ketog lu tarate  +  CO2 +  2H (4)
ketog lu tara te  +  2H +  NH3 -x  g lu tam ate (5)
Sum: c itra te  +  NH3 -x  g lu tam ate  +  C 0 2 (6)

W hen there  is a fu ll utilization of the  hydrogen liberated  from
isocitrate for the reductive am ination, then  th e  ratio  of consum ption 
of ke tog lu tara te  form ed from the  c itra te  to N-NH2 should be 1.0.

http://rcin.org.pl



4 J .  R O G U L S K I a n d  S. A N G IE L S K I m

T able 2

Effect o f maleate on citrate consumption by washed cell particles o f rat liver and kidney

The incubation mixture did not contain any ammonium chloride. Apart from this, the composition 
of medium and the conditions of incubation as in Methods and in Table 1. The mean values, ±S .D .,

from 6-7 expeiiments are given

Maleate
(M)

Citrate consumption Calculated consum
Tissue Citrate disappearing]Ketoglutarate found ption o f  ketoglutarate

{ц  moles/g. tissue/hr.) (/«moles/g. tissue/hr.)

Liver _ 122.5 ±  23.5 85.0 ±  20.0 37.5 ±  3.1
8 X 10-2 111.5 ±  16.7 99.5 ±  14.6 12.0 ±  9.3

Kidney — 188.0 ±  17.8 93.5 ±  17.1 94.5 ±  18.9
10-2 193.5 ±  21.0 183.0 ±  23.3 10.5 ±  7.0

2 X 10-2 202.0 ±  16.0 197.5 ±  17.5 5.5 ±  5.6

It is of course possible tha t the  reactions (3) and  (6) proceed sim ul
taneously and then  the  ra tio  for ke toglu tarate  w ould have the  values 
betw een 2.0 and 1.0 in liver and betw een 5.0 an d  1.0 in  kidney.

As can be seen from  Table 1 the  ratio  of c itra te  consum ption to 
N-NH2 synthesis was higher than  the ra tio  of ke tog lu tara te  form ed

T able 3

Malate as hydrogen donor for the reductive amination o f ketoglutarate in rat kidney
and liver homogenates

To the incubation mixture composed as given in Methods 60 /«moles of ketoglutarate was added, 
and in the experiments with kidney additionally 5 /«moles ATP. Other additions were: malate, 
30 /«moles; fluoroacetate, 36 /«moles; maleate, 30 /«moles in experiments with kidney and 200 /«moles 

in experiments with liver. The results of one typical experiment are given

Kidney Liver

Addition

Consump
tion of 
ketoglu

tarate

Increase 
of N-NH 2

Consum
ption of 
ketoglu
tarate

Consum
ption of 
ketoglu

tarate

Increase 
of N-NH 2

Consum
ption of 
ketoglu
tarate

(/«moles/g. tissue/hr.)
Increase 

of N -N H 2
1 Increase 

(/«moles/g. tissue/hr.) 0f  n -N H 2

None 266.0 49.0 5.4 290.0 144.0 2.0
Malate 251.5 46.0 5.5 282.5 139.0 2.0
Fluoroacetate — — — 286.0 141.0 2.0
Fluoroacetate, malate 260.0 47.0 5.5 284.0 132.0 2.1
Maleate 53.0 1.0 53.0 120.0 30.0 4.0
Fluoroacetate, malate, 
maleate 136.0 50.0 2.7 158.0 114.5 1.4
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151 E F FE C T  O F MALE ATE ON K ID N EY . I I .  5

from  c itra te  to N-NH2. This was due to th e  ra te  of the  reaction (4) 
being g rea ter than  th e  ra te  of the  reaction (5).

In liver this ra tio  for c itra te  was 2.0 whereas for ketoglutarate 
form ed from  c itra te  it was 1.7. This seem s to indicate th a t the  synthesis 
of am ino acids from  c itra te  and  am m onia in  ra t liver occurred as 
a resu lt of th e  dism utation, of ke tog lu tara te  form ed. From  the data  
presented in  Table 1 as com pared w ith those of Table 2 (without 
amm onia added) it can be seen th a t in th e  liver a m arked decrease of 
ke tog lu tara te  accum ulation was found, due  to its am ination to g lu ta 
mate. The increase of N-NH2 w as 55 м-moles per gram  of tissue per hour.

In k idney the addition of am m onia also decreased the  accum ulation 
of ke tog lu tara te  form ed from  citrate  (Tables 1 and 2). This decrease is 
a resu lt of ke tog lu ta ra te  am ination to glutam ate, which gives 81 M^moles 
N-NH2 per gram  and per hour. The ratio  for c itra te  was 2.8 and for 
ketog lu tarate  2.0. This indicated th a t in kidney, o therw ise than  in liver, 
a part of hydrogen liberated  in the  reaction catalysed by isocitrate 
dehydrogenase w as utilized for the  reductive am ination. This assum p
tion was also supported  by the  fact th a t the  increase of N-NH2 in the 
system  of c itra te  and am m onia was m arkedly  g reater than  in the  system  
of ke tog lu tara te  and am m onia (Table 3). It can be therefore  assum ed 
that the reactions w hich provide hydrogen a re  the  lim iting factor in the 
synthesis of am ino acids in  kidney.

Effect of maleate on the amino acids synthesis from citrate and ammonia

It has been previously show n [6] th a t m aleate has a m arked 
inhibitory effect on the  oxidation of a -ketog lu tara te  in kidney, and to 
a sm aller degree in liver. From  the  experim ents presented in Table 2 
it follows th a t m aleate did no t inhibit the  conversion of c itra te  to 
ketoglutarate. Therefore the  synthesis of am ino acids from  citrate  and 
amm onia in the  presence of m aleate m ay take  place only  as a result 
of the  reaction  (6). In liver (Table 1) there  was a greater c itrate  con
sum ption in the  presence of m aleate  and  ammonia, and  over 75% of the 
form ed ketog lu tara te  underw ent reductive am ination. The increase of 
N-NH2 was tw ice as big as w ithout m aleate. The ratio  of the  c itrate  
consum ption to N-NH2 form atioh was 1.4, and the ra tio  for ke toglu tarate  
utilization to N-NH2 w as 1.1. This indicates th a t the  hydrogen liberated 
in the  reaction of isocitrate dehydrogenase m ay be used for the  reductive 
am ination of ketoglutarate.

In k idney the utilization of c itra te  did  not change in  the presence 
of m aleate (Table 2). The synthesis of am ino acids was also unaffected 
(Table 1) being about 80 Mmoles per gram  and  per hour. As a resu lt 
of the inhibition of the oxidative decarboxylation, ke toglu tarate  accum u
lated and  in the presence of amm onia was converted to  glutam ate. The

http://rcin.org.pl



6 J .  R O G U L S K I a n d  S. A N G IE L S K I [б]

ratio  of c itrate  consumption to  N-NH2 w as unchanged and  am ounted 
to 2 .7, indicating th a t m aleate d id  not affect th e  activ ity  of isocitrate 
dehydrogenase. However, the  ra tio  of the  consum ption of ketoglutarate 
form ed from  citrate  to the  increase of N-NH2 was 1.1. This proved that 
in the  presence of m aleate, the  isocitrate dehydrogenase reaction may 
provide all the hydrogen for the  reductive am ination. The yield  of 
amino acids synthesis under such conditions w as very  high. The syn
thesis of one m olecule of g lu tam ate  corresponded to  the  consumption 
of only one m olecule of ke tog lu tara te  form ed from citrate.

Malate and glucose-6-phosphate as hydrogen donors for the reductive
amination in kidney

The addition of m alate did not increase th e  synthesis of am ino acids 
(Table 3); this m eans tha t under norm al conditions the  m ala te  dehydro
genation is not coupled with reductive am ination. However, in  the 
presence of m aleate, w hen th e  amino acids synthesis resu lting  from 
a-ketog lu tarate  oxidation w as inhibited, m alate  dehydrogenation was 
the reaction which could provide hydrogen for reductive am ination.

Table 4

Glucose-6-phosphate as hydrogen donor for the reductive amination o f a-ketoglutarate
in rat kidney homogenates

To the incubation mixture composed as given in Methods 60 //moles of ketoglutarate and 5 //moles 
of ATP were added. Other additions were: glucose-6-phosphate, 30 //moles; NADP, 1 //mole; 

maleate, 30 //moles. The results of one typical experiment are given

Addition

;

Consumption of 
ketoglutarate

Increase of
n -n h 2

Consumption of 
ketoglutarate

(/zmoles/g. tissue/hr.)
Increase of

n -n h 2

None 272.0 60.0 4.5
G-6-P 244.0 57.0 4.3

! NADP 271.5 102.0 2.7
I G-6-P, NADP 262.0 131.0 2.0

G-6-P, NADP, maleate 62.5 46.0 1.4
Maleate, NADP 45.5 0.9 50.0
Maleate 42.0 0.8 53.0

The experim ents in which the  reductive am ination was coupled 
w ith the  reaction of dehydrogenation of G -6-P  (Table 4) indicated th a t 
hydrogen m ay be provided by G -6-чР. The ratio  of ke tog lu tara te  
consum ption to N-NH2 form ation decreased significantly  a fte r th e  
addition of G -6-P  and NADP. In th e  presence of m aleate  th e  hydrogen

http://rcin.org.pl



[7] E FFE C T  O F M ALEATE ON K ID N E Y . II . 7

for reductive am ination  m ay be derived only from  G -6-P. The ;ratio 
of ke tog lu tara te  u tilization to N-NH2 was nearly  equal to 1.0. It should 
be pointed out th a t the  addition of NADP alone also considerably 
increased the synthesis of am ino acids. It had. however, no effect in the 
presence of m aleate.

DISCUSSION

The participation of two d ifferen t pyrid ine nucleotides in  the  various 
reactions of dehydrogenation is of great im portance in the  energy 
balance of the  organism , determ in ing  th e  fa te  of liberated  hydrogen. 
It is generally  assum ed th a t hydrogen from NADH2 is tran sferred  first 
of a ll to the  K eilin-W ar burg system , w ith the  accum ulation of ATP 
resulting  from  th e  transfer of electrons to  oxygen. NADPH2, on the 
o ther hand, appears to be a m ajor source of hydrogen for biosynthetic 
reductions. The distribution of hydrogen betw een two pyrid ine nucleo
tides, i.e. the  destination  fo r cellu lar ATP prcduction or for the  bio
synthesis, is controlled in som e degree by transhydrogenases.

The fluctuations in  th e  hydrogen pool depend on m any factors 
differing in  various organs, and  are  greatly  influenced by the  conditions 
under which th e  whole organism  or the  given organ exist. Also the 
morphological s tru c tu re  w ith  its com partm entation of the  enzymic 
system s w ithin th e  cells a re  of great significance.

W hen in te rp re ting  the  resu lts  of the  experim ents in  which various 
exido-reduction reactions a re  involved w e should take  into consideration 
the equilibrium  of th e  reactions and their s tru c tu ra l arrangem ent. 
Therefore it appears tha t th e  most convenient m echanism  for the amino 
acids synthesis in vivo  is th e  dism utation of tw o m olecules of a-keto- 
g lu tarate  o r th e  oxidation of citrate. In both reactions th e  equilibrium  
is shifted  tow ards the  dehydrogenation. In k idney the  second reaction 
seems first of all to partic ipa te  in am ino acid synthesis. The ra te  of 
citrate  oxidation is g rea ter in  kidney th an  in  o ther tissues and  in the 
reaction of isocitrate  dehydrogenation tw o substra tes  for the reductive 
am ination a re  form ed, i.e. k e tog lu ta ra te  and NADPH2. As the  oxidation 
ra te  of this nucleotide in the  resp ira to ry  chain is low it is predestined 
to participate in  the  reductive am ination. It can be seen th a t in kidney 
the yield of am ino acids synthesis from  c itra te  added is greater than 
from added ketoglu tarate. In liver the  form er reaction is less significant, 
since the ra te  of c itra te  m etabolism  is lower.

The contribution of hydrogen from  m alate  to the  reductive am ina
tion of ke tog lu tara te  is not very  probable under norm al conditions 
because of the  unfavourable equilibrium  of m alic dehydrogenase reac
tion, tow ards the  reduction of NAD. The contribution of hydrogen from 
G -6-P  in vivo  seem s ra th e r unlikely  since oxidation of G -6-P takes

http://rcin.org.pl



8  J .  R O G U L S K I a n d  S . A N G IE L SK I [ 8 ]

place in the  cytoplasm  whereas the  reductive am ination of ke toglu tarate  
is located in m itochondria.

Among the reactions studied only  th e  oxidation of ke tog lu tara te  is 
inhibited by m aleate. Since the  hydrogen for reductive am ination m ay 
be provided by o ther reactions it seem s unlikely  tha t m aleate inhibits
the am ino acids synthesis in vivo. It can be even supposed that in the
kidney of m aleate-trea ted  ra ts  there  a re  favourable conditions for 
am ino acids synthesis because of the  accum ulation of ketoglutarate.

SUMMARY

1. In ra t liver, hydrogen for the  reductive am ination of ke toglu tarate  
is provided chiefly by the oxidation of the  second m olecule of keto
glutarate, whereas in kidney the  p referred  hydrogen donor is citrate.

2. M aleate does not affect th e  reductive am ination of ketog lu tarate  
if the  reaction which provides hydrogen is not sensitive to  its action. 
It seems therefore  th a t in the  kidney of m aleate-treated  ra ts  there  is no 
inhibition of amino acid synthesis.
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D Z IA Ł A N IE  K W A SU  M A LEIN O W EG O  NA N ER K Ę

II. DONATORY W ODORU W REDUKTYW NEJ AMINACJI KETOGLUTARANU  
W NERCE I WĄTROBIE SZCZURA

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

1. W wątrobie wodór dla reduktyw nej am inaeji ketoglu taranu  jest 
dostarczany głównie przez u tlenienie drugiej cząsteczki ketoglu taranu , 
w nerce natom iast głównym donatorem  wodoru jest cytrynian.

2. M aleinian nie ham uje  reduk tyw nej am inacji, o ile reakcja do
starczająca wodoru jest niew rażliw a na m aleinian. W ydaje się wobec 
tego, że w nerkach szczurów zatru tych  m aleinianem  nie ma zaham o
w ania  syntezy aminokwasów.

R eceived  30 M ay 1962.

http://rcin.org.pl



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

Vol. X 1963 No. 1

DANIELA BARSZCZ, ZOFIA TRAMER and D. SHUGAR

BROMINATION OF THYMINE AND PHOTOCHEMISTRY 
OF 5-BROMO-6-HYDROXYHYDROTHYMINE ANALOGUES

In s ti tu te  o f B io c h e m is try  and  B iophysics, P o lish  A c a d e m y  o f Sciences, W arszaw a

The following s tu d y  arose out of attem pts to  dem onstrate  w hether 
thym ine d im er is one of the  products resu lting  from  subm ission of 
thym ine to  ionizing radiations in  aqueous solution. It is now well 
established th a t u ltraviolet' irrad iation  of thym ine in aqueous frozen 
m edium  or of thym ine polynucleotides leads to  the  form ation of the  
dim er (I). Such dim er photoproducts exhibit only  end absorption in the

quartz  u ltrav io let [20]. We had previously noted tha t these dim ers are  
dissociated by ionizing radiations, a lthough in  low yield (Barszcz 
& Shugar, unpublished data). In view  of this fact, our attem pts to 
exam ine th e  possible form ation of dim ers with ionizing radiations 
involved th e  use of rela tively  low doses, not exceeding 10 kr. U nder 
these circum stances it is necessary to detect sm all quantities of dim er 
in the presence of a large excess of thym ine, a procedure som ew hat 
d ifficu lt to  app ly  w ith the  usual spectral and  chrom atographic techni
ques [20 , 22]. Since thym ine d im er is resistan t to  brom ination, the 
irrad ia ted  solutions w ere trea ted  w ith  brom ine to sa tu ra te  the  5,6 double 
bond of unchanged thym ine w ith the  resu ltan t elim ination of its 
absorption spectrum ; it was then  expected th a t u ltrav io let (253.7 mii) 
irrad iation  would dissociate an y  d im er present w ith  reform ation of the 
absorption spectrum  of thym ine, exhibiting a characteristic  m axim um  
at 260 mp. This was, in fact, found to occur in prelim inary  experim ents, 
but, since th e  quan tum  yield for the  reaction was m uch lower than 
that expected for the  photodissociation of thym ine dim er [20], a  control
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10 D . BARSZCZ, Z. T R A M ER  a n d  D . SH U G A R  [2]

experim ent was perform ed w ith brom inated thym ine alone. It w as then 
observed tha t the  product(s) of brom ination of thym ine, under t'he 
influence of u ltrav io let irradiation, was transform ed  to  a product(s) 
exhibiting selective absorption in the  quartz  ultraviolet, w ith  a principal 
m axim um  at about 260 тм , indicating reform ation of th e  double-bond 
character of the  5,6 liaison of the  pyrim idine ring.

In view of the  general in terest a ttach ing  to  the  photochem istry of 
pyrim idine derivatives, particu larly  in rela tion  to  the  photochem istry 
of nucleic acids, it was considered of in terest to exam ine the  foregoing 
photochemical reaction in greater detail.

This, in tu rn , raised the  problem  of the  composition and  struc tu re  
of brom inated thym ine. W hile th e  products of brom ination of uracil, 
as well as th e  course of the  brom ination reaction itself, have been 
reasonably well established [16], the  sam e is not tru e  for thym ine, as 
we soon discovered.

MATERIALS AND METHODS

Thym ine was a product of Fluka. In contrast to  some other 
commercial p reparations of thym ine, which w ere  found to  contain up 
to 20%  uracil, th e  product used in  this investigation w as chrom ato- 
graphically  pure  and gave an  extinction coefficient corresponding to  
that expected [18].

5-B rom o-6-hydroxyhydrothym ine was p repared  according to Bau- 
disch & Davidson [3], by suspending thym ine in w a te r and adding an 
excess of bromine, followed by heating a t a tem pera tu re  not 
exceeding 70°. The isolated brom othym ine exhibited only  end absorp
tion in the  quartz  ultraviolet. A sim ilar preparation w as also m ade 
w ithout the  heating step, the  isolated brom othym ine being w ashed w ith 
cold w ater un til all brom ine and unreacted thym ine had  been removed,

5-B rom o-6-hydroxyhydrothym idine was prepared by suspending 
100 mg. thym idine (Fluka) in 1 ml. w ater, heating un til dissolved, and 
adding 30 м-l. brom ine with stirring . The resu lting  solution was left 
for 30 min. and  then  evaporated in a s tream  of a ir; during  this 
procedure the  solution becam e colourless. The final, oily, residue could 
not be crystallized. An aqueous solution of th is  derivative showed no 
selective absorption in the u ltraviolet.

5,5-Dibrom o-6-hydroxyhydrouracil, l,3 -dim ethyl-5-brom o-6-hydroxy- 
hydrothym ine and  6-m ethyl-5-brom o-6-hydroxythym ine w ere prepared 
by brom ination of 10“ 4 м solutions of th e  pure  paren t substances 
d irec tly  in quartz  spectrophotom eter cuvettes and  rem oval of excess 
brom ine in a stream  of air. All of these exhibited only end absorption 
in the  ultraviolet.

Glycol thym ine was p repared  according to  the  procedure of 
Baudisch & Davidson [3]; 5 -m ethylbarbituric  acid as described by
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G erngross [10]; and 5-nitro-6-hydroxyhydrothym ine according to 
Johns [13].

Ultraviolet irradiation. Most of the irradiations w ere perform ed with 
a B ritish  Therm al Syndicate m ercury  resonance lamp, the solutions being 
exposed a t a d istance of 4 cm. from one lim b of the  lam p either in 10-mm. 
spectrophotom eter quartz  cuvettes at a concentration of about 10-4  м or, 
w hen it was desired to concentrate the irrad ia ted  solution for chrom ato
graphy, in  1-mm cuvettes a t  a concentration of 10~3 m. In addition, for 
some experim ents a 1:1 aqueous acetic acid filter (thickness 5 mm.) was 
interposed betw een the  lam p and the  cuvettes to elim inate w avelengths 
below 240 тц.. L arger quantities of m aterial w ere irrad ia ted  w ith a ger
m icidal lam p as described elsewhere [17].

Paper chromatography. Ascending chrom atography was employed 
throughout w ith W hatm an no. 1 paper and, w hen necessary for sm all 
scale p repara tive  purposes, w ith W hatm an no. 3. The solvent system s 
used w ere as follows: A, w ater-satu rated  butanol; B, upper phase of 
Ti-butanol - glacial acetic acid - w ater, 2:1:1 (by vol.); C, isopropanoP 
-conc. NH4O H -w a te r , 7:1:2 (by vol.); D, n-propanol - w ater, 10:3 (v/v).

U ltraviolet absorbing spots w ere detected  by m eans of a dark UV 
lamp. Pyrim idine rings with sa tu ra ted  5,6 bonds w ere revealed by sp ray 
ing the chrom atogram s w ith  alkali to open the rings, and then  w ith  p-di- 
m ethylam inobenzaldehyde [8 , 12]. Urea was detected by spraying d i
rectly  w ith th e  benzaldehyde reagent. Compounds w ith cis-glycol groups 
were located by means of m etaperiodate as described by Cifonelli 
& Sm ith [4].

According to Baudisch & Davidson [3], brom ination of thym ine in 
aqueous m edium  at a tem pera tu re  not exceeding 70°, gives q uan tita ti
vely 5-brom o-6-hydroxyhydrothym ine (II). The s tru c tu re  of this com-

RESULTS

Bromination of thym ine

pound has been verified by D im itrow  & K urtew  [6]. The brom inated 
product, being a diketopyrim idine w ith  a sa tu ra ted  5,6 bond, should be 
u nstab le  in alkali, the  3,4 bond opening under these conditions to give

13J
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a ureido acid derivative which should react w ith p-dim ethylam inobenz- 
aldehyde to give a coloured product [8 , 12].

When, however, brcm othym ine was prepared  according to Baudisch 
& Davidson [3], as well as by an analogous m ilder m ethod (without 
heating), the  presence of four products could be dem onstrated  chrom a- 
tographically. Since the  spots on the  chrom atogram  reacted  w ith p^di- 
m ethylam inobenzaldehyde only af ter prior spraying with alkali, it fol
lows tha t all four products a re  pyrim idine rings w ith  sa tu ra ted  5,6 bonds. 
Num erous tria ls  dem onstrated  th a t it was, in fact, im possible under any 
conditions to obtain chrom atographically pure brcm othym ine; and it was 
ra th e r the rela tive intensities of the  various spots on th e  chrom ato
gram s which suggested that, of the  four products reacting w ith p-dim e- 
thylam inobenzaldehyde, the  one corresponding to  brom othym ine was 
that w ith R F values of 0.72 and  0.89 in solvents A  and В  respectively. 
The in tensity  of these spots was decreased considerably in a sam ple 
prepared according to Baudisch & Davidson, w hich involves heating 
to 70°.

The question then  posed itself as to w hether th e  additional products 
resulted  from  side reactions during  brom ination or from  the  fu rth e r 
transform ation of brom othym ine. To answ er this, several mg. of bromo
thym ine preparation was chrom atographed on W hatm an no. 3 paper, 
using solvent B. The spot corresponding to brom othym ine was eluted 
with w ater; an aliquot of this was stored in the  cold-room for tw o days 
at 0°, and  another aliquot heated at 100° for 1 hr., following which 
both w ere again chrom atographed in solvent A. The resu lts  dem on
stra ted  that the  o ther th ree  products, w ith R F values of 0.06, 0.21 and 
0.30 are  derived from  the spontaneous transform ation of brom othym ine 
in slightly  acid m edium  (pH 5), which proceeds at a m easurable ra te  
at 0 ° and is considerably accelerated at 100°.

The spots w ith R F values of 0.06 and 0.21 gave positive reactions w ith 
m etapericdate [4], indicating the  presence of glycol groups; w hile th a t 
w ith R F 0.21 travelled  with an au thentic  sam ple of glycol thym ine in se
veral solvent system s.

F u rth e r exam ination of the  influence of tem pera tu re  or acidification 
at room  tem peratu re  on glycol thym ine itself dem onstrated  tha t the  
two spots w ith R F values of 0.06 and  0.30 (solvent A) were transfo rm a
tion products of glycol thym ine.

The foregoing recall the  observations of L a tarje t et al. [15] and  
Ekert [7] who reported  that heating of glycol thym ine in n eu tra l so lu
tion resu lted  in partial conversion to  an isomeric form  w ith R F of 0.54 
in solvent D, as com pared to  0.45 for the  initial glycol thym ine. The 
la tte r w as first assigned the  trans, and the form er the  cis, form  [15]; su b 
sequently  th is assignm ent was reversed  [7], but w ithout presen tation  of
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the  supporting  evidence. It was therefore  deemed advisable to exam ine 
this fu rthe r.

Glycol thym ine was heated in  aqueous m edium  for 4 hr. a t 100° and 
run  on W hatm an no. 3 paper in solvent A. The various spots w ere eluted 
and th e ir hom ogeneity tested by chrom atography in  solvents A  and  D, 
the  spots being revealed w ith p-dim ethylam inobenzaldehyde. The va
rious substances w ere also subjected  to a periodate test on paper [4] and 
in solution [1], w ith the  results show n in Table 1. It m ay be concluded 
that the  spot w ith R F 0.21 in solvent A, corresponding to  synthetic  glycol 
thym ine [3], is a cis-glycol, w hile th a t w ith R F 0.30 m ay be a trans 
isomer, which does not react even on long exposure to  periodate because 
of steric  h indrance due  to the  m ethyl group. This was in fact confirm ed 
by elution of the  spot w ith R F 0.30 and heating it in  aqueous m edium  
at 100°, resu lting  in partial transform ation  to only one o ther product, 
nam ely th a t w ith  R F 0.21 or cis-glycol thym ine. The iden tity  of the  spot 
w ith R f 0.06 is not certain; however, an  e luate  of th is spot, a fte r  s tand
ing for several days at room tem peratu re , gave two spots w ith R F 0.06 
and 0.21 in solvent A. Since th a t w ith R F 0.21 is partia lly  transform ed 
to th a t w ith  R f 0.06 on heating, and both react rap id ly  w ith periodate, 
it appears m ost likely th a t the spot w ith R F 0.06 is the  second possible 
cis isom er of glycol thym ine. The compound w ith R F 0.63 in  solvent A 
(2nd trans-g lycol ?) was found only  a fte r a long heating of cis-glycol th y 
m ine (Rf 0.21 in solvent A). The form er appears in traces and this m ay 
explain w hy it could not be observed in spontaneous transform ations 
of brom othym ine.

T able 1

R f  values and periodate reaction o f products o f heating o f glycol thymine in aqueous
medium for 4 hr. at 100°

R f % o f
total

Periodate reaction
IdentificationSolvent Л Solvent D on paper in solution

0.06 absent 1* + +  (1 hr.)*** m-glycol
0.21 0.45 76** + +  (2 hr.)*** c/s-glycol
0.30 0.54 12** — — (25 hr.) trans-g\ycc\
0.63 0.73 traces — not tested /ra/75-glycol?

•Estimated from a determination of the optical density o f the total eluate at 230 тц at pH 12 and assuming an ex
tinction coefficient equal to that for synthetic glycol thymine.

••Determined by direct weighing o f the lyophilized eluate.
•••Consumption of periodate, 1 mole.

Aside from  the  foregoing, it w as found tha t brom othym ine undergoes 
an additional transform ation  in acid m edium  to a compound which, on 
alkalization to pH 12, is instan taneously  transform ed to 5-m ethylbarbi-

13
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tu r i c acid. This was identified by its u ltrav io let absorption spectrum  and 
by a comparison of its chrom atographic behaviour in  several solvent 
system s w ith au thentic  5-m ethylbarb ituric  acid. From  Fig. 1 it w ill be 
seen th a t brom othym ine is not transform ed d irec tly  to 5-m ethylbarb itu
ric acid in acid m edium  for, if this were so, th en  the  absorption spec
trum  of the  la tte r  (pKa ~  4.7) should appear on neutralization  of the 
solution to pH 7 [9]. In fact, th e  solution m ust be brought to pH 12 to 
place in evidence the spectrum  of 5-m ethy lbarb itu ric  acid. It is therefore 
clear th a t brom othym ine undergoes a tim e-dependent transform ation  to 
some in term ediate in acid m edium  and this is, in  tu rn , instan taneously

14  D. BA RSZCZ, Z. TR A M ER a n d  D. SH U G A R  [6]

Fig. 1. F o rm a tio n  of 5 -m e th y lb a rb itu r ic  acid  by a lk a liz a tio n  of a solution, o f 5 -b ro - 
m o -6 -h y d ro x y h y d ro th y m in e  w h ich  had  been  p rev io u sly  in cu b a ted  fo r  so v e ra l days 
a t room  te m p e ra tu re , in  acid  m ed ium . C urve  a is th e  ab so rp tio n  sp e c tru m  of th e  
in cuba ted  so lu tion  o f b ro m o th y m in e  a t pH  2.9. W hen th is  so lu tion  is b ro u g h t to  
pH  6.9, w e o b ta in  c u rv e  b. If  th e  so lu tion  is b ro u g h t a t once to  pH  12.5, w e 
o b ta in  cu rve  c, w h ich  is th a t  o f  5 -m e th y lb a rb itu r ic  acid . T h is is f u r th e r  co n firm ed  
by b rin g in g  th e  a lk a lin e  so lu tion  in tu rn  to  pH  7.4 (cu rve  d) an d  pH  1.7 (cu rve  e), 

th e  changes w ith  pH  co rresp o n d in g  to  th o se  fo r  m e th y lb a rb itu r ic  acid.
Fig. 2. F o rm atio n  o f 5 -m e th y lb a rb itu r ic  acid  by a lk a liz a tio n  to  pH  12 o f 5 -b ro - 
m o -6 -h y d ro x y h y d ro ‘.h y m in e  h ea te d  a t 100° in  so lu tion : (a), u n b u ffe re d , pH  4 - 5 ;  
(b), b u ffe red  a t pH  9.2, 0.02 м -b o ra te . O rd in a tes  give th e  ex tin c tio n  a t pH  12 of 

th e  m e th y lb a rb itu r ic  acid fo rm ed .
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transform ed to  5-m ethylbarbituric  acid a t pH 12. Identification of the  
in term ediate  could not be achieved. But glycol thym ine itself does not 
give rise  to form ation of 5-m ethylbarb ituric  acid.

Fig. 2 shows the  ra te  of form ation of 5-m ethylbarbituric  acid as 
a function of tim e of heating brom othym ine in acid medium. No for
m ation of m ethy lbarb itu ric  acid is observed on incubation of brom o- 
thym ine in a lkaline  medium. From  Fig. 2 it is also clear th a t extended 
heating of brom othym ine in acid m edium  decreases the  yield of 5-m e
thy lbarb itu ric  acid, suggesting th a t the  in term ediate  from  which the  
la tte r is form ed is therm olabile. The precipitous drop in yield of m ethyl- 
barb ituric  acid following 40 - 50 min. heating  (Fig. 2) suggests that under 
these conditions the presum ed in term ediate  has been irreversib ly  de
stroyed. Two possible explanations m ay account for this behaviour, viz. 
(a) oxygen is necessary for th e  transform ation  of brom othym ine to the  
presum ed interm ediate, o r  (b) only a fraction of the  brom othym ine is 
transform ed to the  interm ediate.
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The firs t of these w as excluded by heating  the  brom othym ine solu
tion under a layer of paraffin . U nder these conditions, the  residual oxy
gen in the  solution is rap id ly  expelled du ring  in itial heating. If oxygen 
were necessary, then  the  curve in  Fig. 2 should exhibit a b reak  much 
earlier than  it actually  does. From  the  da ta  of this experim ent, it w as 
calculated tha t the  am ount of m ethy lbarb itu ric  acid observed w as 7% 
of the initial brom othym ine; bu t the  actual yield of m ethy lbarb itu ric  
acid m ust have been considerably higher if we take in to  account the  
apparent therm olability  of the  in term ediate a t elevated tem peratures.

Chrom atography in  solvent С of the foregoing solutions also dem on
stra ted  the  form ation of m ethy lbarb itu ric  acid as well as th e  decrease 
with tim e of incubation of brom othym ine and the  corresponding increase 
in glycol thym ine. The transform ations undergone by brom othym ine in 
aqueous m edium  at room  tem pera tu re  a re  represen ted  schem atically  
(see above schem a III).

Irradiation of brominated thym ine

As previously indicated, in the  neighbourhood of 260 т ц  5-bro- 
m o-6-hydroxyhydrothym ine exhibits only low, non-specific absorption. 
If, however, a sligh tly  acid solution of brom inated thym ine is irrad ia ted  
w ith UV, a pronounced increase in absorption occurs in th e  region 
around 260 mu, as can be seen from  Fig. 3. U nder th e  conditions indi-

Fig. 3. E ffec t o f u ltra v io le t ir ra d ia tio n  on 5 -b ro m o -6 -h y d ro x y h y d ro th y m in e , 10—4 m , 
p H ~ 4 ;  (a), ab so rp tio n  sp ec tru m  of th y m in e ; (b), fo llow ing  b ro m in a tio n  o f th y m in e ; 

(c), fo llow ing  ir ra d ia tio n  (253.7 т ц )  o f b ro m in a ted  th y m in e  fo r  90 m in .

cated in Fig. 3, 90 min. irrad iation  leads to  th e  transfo rm ation  of about 
20% of the  brom othym ine. In all likelihood the reaction is slowed down 
by the  very  high absorption of the  photoproduct(s) w hich is rela tively

L8 J
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radiation resistan t but which protects the  sta rting  substance by in ternal 
shielding. D uring the  course of irradiation, the pH of the solution drops 
by about 2 units, w hile the  solution itself tu rns yellowish to a degree 
dependent on the  initial concentration subjected  to irradiation. Paper 
chrom atography of the  irrad ia ted  solution dem onstrated  the  appearance 
of not one, bu t several u ltraviolet absorbing photoproducts, the natu re  
of which depended to  some ex ten t on the  w avelength of the  irradiation 
source employed (see Table 2).

It is im portant to em phasize a t th is point that, although a solution 
of brom inated thym ine contains, as show n above, a m ix tu re  of several 
compounds, the  photochem ical reactions to be described below a re  due 
to the  influence of radiation solely on 5-brom o-6-hydroxyhydrothym ine.

T able  2

Nature and relative yields o f photoproducts resulting from irradiation o f 5-bromo-
6-hydroxyhydrothymine with different lamps and cut-offfilters

Photoproducts were separated on W hatman no. 1 with solvent A. Intensity of spots is indicated
by number of plus signs

Products Relative in
Typs of lamp and filter and their tensity on Identification

RF values chromatogram

British Thermal Syndicate re 0.13 +  + unidentified
sonance lamp with 5 mm. 1:1 0.23 +  +  +  + 5-hydroxymethyluracil
aqueous acetic acid filter 0.52 +  4- +  +  + thymine

Above lamp with 1 mm. satura 0.13 + unidentified
ted NiSC>4 filter 0.23 +  +  +  +  + 5-hydroxymethyluracil

0.52 +  +  +  + thymine

Above lamp without filter 0.23 4- +  +  + 5-hydroxymethyluracil
. 0.52 +  4 -4 - thymine

40 watt Phillips germicidal lamp 0.23 +  +  +  + 5-hydroxymethyluracil
without filter 0.35 +  + uracil

0.52 +  +  + thymine

The absorption m axim um  of an irrad ia ted  (253.7 тм-) solution of b ro 
m othym ine was at 263 т ц . C hrom atography of a lyophilized solution in 
solvent A  exhibited the presence of u ltrav io let absorbing spots w ith R F 
values of 0.52, 0.23 and 0.13; and a spot exhibiting fluorescence with 
R F 0 , which was not studied. The absorbing spots w ere elu ted  and their 
spectra exam ined as a function of pH; this, together w ith chrom ato
graphy w ith known derivatives, m ade it possible to identify  the  spot 
with R F 0.52 as thym ine, and th a t w ith R F 0.23 as 5-hydroxym ethylur- 
acil. The compound w ith R F 0.13 exhib ited  an  absorption spectrum  al-
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most identical to th a t of uracil. A t pH 7.2, Amax 260 mir, Amin 247 тм-. 
At pH 13, Amax 276 mi+, Amin 255 mix. It cannot, however, be uracil since 
in solvent A  its R f  was 0.13 w hile th a t of au then tic  uracil is 0.35. From 
the spectral da ta  for the  absorption of th e  individual spots, it was calcu
lated  that the  yield of the  th ree  products in  term s of the  am ount of 
brom othym ine irrad ia ted  w as 11% for thym ine, 8%  for 5-hydroxym e- 
thy luracil and  3% for the  unidentified com pound with R f  0.13.

Spectral exam ination of the  eluates of the  above substances exhibited 
also the  presence of o ther products, exhib iting  only end absorption in 
the  quartz  u ltraviolet, which deform ed th e  absorption spectra a t shorter 
wavelengths down to 210 mu. These products, which orig inate  from  the

Fig. 4. C h ro m ato g rap h ic  se p a ra tio n  in so lv en t A  o f th e  p ro d u c ts  o f spon tan eo u s 
and  u ltra v io le t tra n s fo rm a tio n  o f 5 -b ro m o -6 -h y d ro x y h y d ro th y m in e  a t p H ~ 4 ;  (A), 
u ltra v io le t ab so rb in g  p ro d u c ts ; (B), p ro d u c ts  re v e a le d  by sp ray in g  w ith  a lk a li and 

th en  p -d im e th y lam in o b en za ld eh y d e

spontaneous decomposition of brom othym ine, were difficult to separate 
from the  o ther photoprcducts and, in particu lar, from  5-hydroxym e- 
thyluracil. The location of all th e  foregoing is shown schem atically  in 
Fig. 4. In addition to these substances, which have a lready  been described 
above, chrom atography in solvent A  of an  irrad ia ted  solution exhibited 
the presence of a spot at Rf 0.26 identified  as urea. Since u rea  is not 
a product of the  spontaneous transform ation  of brom inated thym ine, it 
m ay orig inate in th e  photochemical decom position of glycol thym ine as 
in the  a lkaline hydrolysis of this la tte r [3], bu t its form ation from  bro
m othym ine itself cannot be excluded.

W hen a solution of brom othym ine was irrad ia ted  w ith th e  sam e 
source as above, bu t w ithout exclusion of traces of rad ia tion  below
253.7 mu, the  only u ltrav io let absorbing photoprcducts w ere  thym ine 
and 5-hydrcxym ethyluracil; th a t w ith R f 0.13 in solvent A  was entirely

[ 10 ]
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absent and  m ust consequently be qu ite  radiation sensitive to shorter 
w avelengths.

W hen, however, the  brom othym ine solution was irrad ia ted  a t consi
derably  h igher intensities, using a germ icidal lamp, the photoproducts 
included thym ine, 5-hydroxym ethyluracil and  one fu rth e r product w ith 
R f 0.35 in solvent A, identified as uracil. The substance w ith  R F 0.13 
again was absent. The yield of uracil was som ew hat less than for the  
o ther tw o photoproducts.

W hile no a ttem pt was m ade to  study  in detail the  kinetics of photo- 
prcduct form ation, the  photochem ical reaction was found to be accom
panied by a n  initial lag phase (see Fig. 5), the  ex ten t of which was 
related  to th e  pH of the  m edium . In 0.01 м-phosphate buffer, pH 7.2, 
there  was no sign of any reaction even a fte r  45 min. irradiation. In 
acetate  bu ffe r of the  sam e m olarity  the  lag was about 20 m in. a t 
pH 5.2 (c) and  less than  2 min. a t pH 4 (b). It is consequently not su r
prising th a t in unbuffered  m edium  (a) the  in itiation  of photoprcduct 
form ation comm ences a fte r  2 - 3  min. irradiation, during  which period 
the  pH falls to pH 4.2. This suggests the  involvem ent of some acid-cata
lysed reaction, which is confirm ed by the  fact that there  is no lag a t a ll 
at pH 1 (0.1 N-HC1, d) plus the  fact tha t in this m edium  a sim ilar reaction

Fig. 5. In f lu e n c e  of pH  on th e  p h o to ch em ica l tra n s fo rm a tio n  of 5 -b ro m o -6 -h y d ro - 
x y h y d ro th y m in e , ir ra d ia te d  a t 253.7 mp, w ith  e lim in a tio n  o f sh o r te r  w a v e e n g th s  
by  f i lte r . M ed ium : (a), u n b u ffe red , pH  4.5 -  3.6; (b), 0.02 м -a c e ta te  b u ffe r, pH  4.0; 
(c), 0.01 м -a c e ta te  b u ffe r, pH  5.2; (d), 0.1 n-H C I; (e), 0.1 n -H C I w ith o u t ir ra d ia tio n
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appears to  take place spontaneously in the absence of irradiation, but 
a t a m uch lower ra te  (Fig. 5e). This reaction  in  the  absence of irradiation 
has been previously reported  [5], the  product being characterized as 
thym ine on the  basis of m elting point and  u ltrav io let absorption spec
trum  at one pH value [14]. We have confirm ed this resu lt by chrom a
tographic exam ination of the  acidified solution, left for som e tim e at 
am bient tem perature . The ra te  of form ation of thym ine under these 
conditions was, however, very  low by com parison w ith  th a t resulting  
from  irradiation.

Irrad iation  results not only in debrom ination w ith form ation of the 
products outlined above, bu t also in  th e  appearance of som e products 
of degradation of the pyrim idine ring. This is shown, am ongst others, 
by the  appearance of urea, a lready  re fe rred  to above.

Behaviour of other saturated pyrim idine analogues

l,3-D im ethyl-5-brom o-6-hydroxyhydrothymine.  Irrad ia tion  of this 
compound at 253.7 mix w ith  exclusion of sh o rte r w avelengths, again led 
to the appearance of u ltrav io let absorbing substances w ith  m axim um  at 
270 mu, in  20% yield following irrad ia tion  periods of 50 and 80 min. 
at concentrations of 10-3  and 10~4 м respectively. The yield was de
creased by one-half if the solution was heated  for 15 min. at 100° prior 
to irradiation. The photochem ical reaction in  this case did not exhibit 
an initial lag period as for brom othym ine. C hrom atography of the  i r ra 
d iated  solution in solvent A  showed the  presence of two ultraviolet 
absorbing spots w ith  Rp values of 0.79 and  0.63; the first of these was 
shown to be 1,3-dim ethylthym ine. The second was a pyrim idine analogue 
which was unstab le  in alkali, bu t not fu rth e r  identified.

5.5-Dibromo-6-hydroxyhydrouracil. Irrad ia tion  of this compound did 
not resu lt in  the  production of any  photoproducts w ith  an unsatu rated
5,6 bond. On the  contrary  the  compound was irreversib ly  destroyed, as 
shown by a decrease in its absorption w ith  tim e of irrad iation .

5.6-Dimethyl-5-bromo-6-hydroxyuracil. Resistant to  irradiation.
5-Bromo-6-hydroxyhydrothymidine. T he behaviour of this compound

on irrad iation  was sim ilar to th a t for brom othym ine and dim ethylbrom o- 
thym ine. The absorption m axim um  of the  photoproduct(s) was a t 265 т ц , 
but the  ra te  of production of photoproduct was only  about 40%  th a t for 
brom othym ine. A sim ilar product(s) w as form ed, in  the  absence of irra 
diation, by acidification of the  solution, bu t a t  a m uch slow er rate .

5-Nitro-6-hydroxyhydrothymine. An aqueous solution of this deriva
tive exhibited a m axim um  at 315 mix characteristic  of the  n itro  group, 
and a m inim um  at about 257.5 mix. The principal effect of irrad iation  
at 253.7 mix was to destroy the  m axim um  a t 315 mix. No evidence for 
form ation of new  ultrav io let absorbing products could be observed.
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DISCUSSION

A lthough the  schem e outlined for th e  transform ation  of brom othy
m ine in aqueous m edium  is by no m eans fu lly  complete, it does establish 
a reasonably good basis for a m ore adequate elucidation of the  steps 
involved. L arger scale experim ents, conducted on a quan tita tive  basis, 
would be necessary to determ ine w hether any  additional transform ation 
pathw ays exist. In  particu lar, the  foregoing findings should be taken  
into account in investigations of the  effects of brom ination on nucleic 
acids and, especially, on DNA [21, 14].

Two points undoubtedly m erit fu rth e r exam ination. First, w hile the 
evidence for the  existence of two cis and two trans isom ers of glycol 
thym ine is reasonably convincing, our data do not enable  us to d istin 
gu ish  e ither betw een the two cis, o r the  two trans, forms.

Second, the m echanism  by m eans of which brom othym ine is tra n s
form ed to 5-m ethylbarbituric  acid rem ains to be established and, indeed, 
seem s ra th e r  puzzling. Theoretically, the  sim plest pathw ay for this 
reaction would be the acid-catalysed elim ination of a m olecule of HBr 
(IV). A pparently , however, th is is not the  case; since the  pK of m ethyl-

barb itu ric  acid is 4.7, its form ation in  the  pH range 4 to  6 should be 
accom panied by the  appearance of its characteristic absorption spectrum , 
notw ithstanding the reported  instab ility  of th is com pound in acid m e
dium  [11], which w e have verified. The presum ed in term ediate  form ed 
in  acid medium, which gives rise to m ethy lbarb itu ric  acid on alkaliza- 
tion, m ust be reasonably stable since the  quan tity  of m ethylbarb ituric  
acid form ed increases w ith tim e of incubation. The use of 14C-labelled 
thym ine is most likely indicated in any  fu rth e r a ttem p ts a t the  isolation, 
and identification, of this in term ediate.

It is clear that the  slow transform ation  of brom othym ine a t pH 1, 
w ith form ation of thym ine, is due to  an  acid-catalysed elim ination of 
HOBr, sim ilar to the  acid-catalysed elim ination of a w ater m olecule 
from  the  hydrated  photoproducts of uracil and  cytosine glycosides [19]. 
The accelerated ra te  with which th is reaction  takes place, even a t 
pH 4 - 5 ,  under the  influence of u ltrav io let irradiation, is undoubtedly
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an example of a specific photocatalytic reaction. The specificity of this 
reaction is attested  to by the  fact that it also proceeds w ith 1,3-dim ethyl- 
brom othym ine and brom inated thym idine, bu t is en tirely  absent in the 
case of 5,5-dibrom o-6-hydroxyhydrouracil and 6-m ethylbrom othym ine.

R ather strik ing is th e  photoprcduction from  brom othym ine of such 
compounds as uracil and 5-hydroxym ethyluracil. These a re  certain ly  not 
produced via thym ine as an  in term ediate, since thym ine itself under 
these conditions undergoes largely  photochem ical degradation with low 
quantum  yield [19]. On the o ther hand the presence of a lag phase, d u r
ing which the  irrad ia ted  solution becomes acidified, suggests that the 
form ation of uracil and  hydroxym ethyluracil m ay resu lt from  some 
in teraction betw een an excited s ta te  of brom othym ine and  the liberated 
HOBr. A nother possibility is som e in tram olecular rearrangem ent as 
described below for hydroxym ethyluracil form ation. It should be noted, 
in this connection, that the  rela tively  low form ation of uracil (3%) as 
com pared to  the  o ther photoproducts (thym ine, ll°/o; hydroxym ethylu
racil, 8% ) is probably m ore apparen t than  real. Both thym ine and hydroi- 
xym ethyluracil a re  m ore rad iation  resistan t than  uracil and the 
production of the la tte r is undoubtedly accom panied by its fu rth e r 
photochemical transform ation, in part to the  hydrated  form  and  to 
a considerable ex ten t to some degradation product; so th a t the  am ount 
of uracil observed experim entally  is only a fraction of tha t formed. The 
form ation of urea observed in the  irrad ia ted  solutions could certainly 
be due  in part to degradation of uracil [19]. In agreem ent w ith  the 
foregoing is the  fact that hydroxym ethyluracil, which is m ore radiation 
sensitive than  thym ine, is also produced in lower yield than  thym ine.

It has previously been show n that dem ethylation m ay occur a t N t 
and N3 of sa tu ra ted  N -m ethylated  diketopyrim idines under the  influence 
of ionizing radiations in aqueous m edium  [2]. Even m ore unusual, how
ever, is the  observed dem ethylation a t the  5-position of the  ring leading 
to the  form ation of uracil from brom othym ine.

The form ation of hydroxym ethyluracil is likewise not readily  explic
able and must, of necessity, involve a t least one transition  state. A pos
sible schem e for th is is a rearrangem ent, followed by th e  elim ination 
of HBr, w ith  a sim ultaneous second rearrangem ent (V).
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The foregoing reactions a re  of particu lar in terest in  th a t they involve 
the  photochem ical form ation of nucleic acid derivatives from  saturated  
pyrim idine rings. A ttention has previously been d raw n to the  potential 
significance of such reactions in connection w ith th e  problem  of the 
p rim itive synthesis of organic m atter. It would be of value, in  relation 
to this, to see w hether sim ilar reactions m ay not occur w ith 5-brom o- 
dihydropyrim idines.

SUMMARY

5-Brom o-6-hydroxyhydrothym ine is unstable in aqueous m edium  and 
undergoes at least two spontaneous transform ations leading to the  pro
duction of; (a) th ree  isomeric form s of glycol thym ine, two cis and one 
trans; (b) an unidentified compound, form ed in sligh tly  acid medium  
and which, on alkalization, is instantaneously  transform ed to 5-m ethyl- 
barb itu ric  acid. A t pH about 1, brom othym ine is slowly transform ed to 
thym ine by the acid-catalysed elim ination of HOBr; brom othym idine 
undergoes a sim ilar reaction. Synthetic glycol thym ine is one of the 
two possible cis isom ers; a t room  temp, in  sligh tly  acid medium, or at 
elevated tem pera tu re  in neu tral medium, the glycol is transform ed in 
part to the  second cis form , to one of the  trans configurations and pro
bably also to the  second trans isomer.

UV irrad iation  of brom othym ine in  slightly acid m edium  leads to the  
form ation of thym ine, uracil, 5-hydroxym ethyluracil and one unsaturated  
pyrim idine derivative, not identified. Brom othym idine undergoes a sim i
la r photochem ical transform ation, but a t a slow er rate . Irrad iation  of
1,3-dim ethylbrom othym ine gives two photoprcducts, one of which was 
identified as dim ethylthym ine. These photochem ical reactions a re  quite 
specific since 5,5-dibrom o-6-hydroxyhydrouracil and 5,6-dim ethyl-5-bro- 
m o-6-hydroxyuracil a re  not affected. The n a tu re  and significance of 
these photochemical transform ations a re  discussed.
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B RO M O W AN IE TY M IN Y  O RA Z FO T O C H E M IA  
5-B R O M O -6-H Y D R O K SY H Y D R O PO C H O D N Y C H  PIRY M ID Y N O W Y CH

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

5-Brom o-6-hydroksyhydrotym ina jest n ietrw ała  w wodnym  środo
wisku i ulega co najm niej dwu spontanicznym  przem ianom  prow adzą
cym do powstania: (a) trzech izom erycznych form  glikolu tym iny, 
dwóch form  c is  i jednej tra n s-, (b) jednego niezidentyfikow anego związ
ku, powstającego w  słabo kw aśnym  środowisku, k tó ry  po alkalizacji 
ulega natychm iastow em u przekształceniu na kwas 5-m etylobarbiturow y. 
W środowisku silnie kwaśnym , k tó re  działa katalitycznie  na odszczepie- 
nie HOBr, brom otym ina przekształca się powoli w tym inę; podobnej 
reakcji ulega brom otym idyna. W ykazano, że syntetyczny glikol tym iny 
jest jednym  z dwóch możliwych c is  izomerów; izom er ten  w słabo kw aś
nym  środowisku w  tem pera tu rze  pokojowej lub przy podwyższonej 
tem peraturze w środowisku obojętnym  przekształca się częściowo w d ru 
gi izomer c is ,  oraz w  form ę t r a n s ,  a prawdopodobnie również w  drugi 
izomer form y t r a n s .

D ziałanie na brom otym inę prom ieniow aniem  ultrafioletow ym  w słabo 
kw aśnym  środowisku prowadzi do powstania tym iny, 5-hydroksym ety- 
louracylu, uracylu  oraz niezidentyfikow anej pochodnej z nienasyconym  
wiązaniem  5,6. Brom otym idyna podlega podobnym  przekształceniom  fo
tochem icznym  jednak z m niejszą szybkością. N aświetlona 1,3-dwum ety- 
lobrom otym ina da je  dw a fotoprodukty, z których jeden zidentyfikowano 
jako dw um etylotym inę. O specyficzności powyższych reakcji fotoche
m icznych świadczy brak podobnych przem ian dla 5,5-dwubrom o-6-hy- 
d roksyhydrouracylu  i 5,6-dw um etylo-5-brom o-6-hydroksyuracylu. P rze 
dyskutow ano charak ter i znaczenie powyższych przekształceń fotoche
micznych.

R eceived  18 Ju ly  1962.

[16]
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ULTRAVIOLET ABSORPTION SPECTRA AND STRUCTURE 
OF HALOGENATED URACILS AND THEIR GLYCOSIDES

In s titu te  o f B io ch em is try  and B iophysics, P o lish  A c a d e m y  o f Sciences, W arszaw a

D uring the  course of some prelim inary  observations on the  photo
chem ical behaviour of several 5 -substitu ted  halogeno uracils, their 
glycosides and polym ers, it w as found necessary to  obtain some inform a
tion w ith  regard  to the dissociation constants of th is im portan t class 
of com pounds as well as the  dependence of their absorption spectra 
on pH.

A lthough the  biological properties of the  halogeno uracils and  their 
glycosides have become th e  object of w idespread investigations, it is 
som ew hat surprising  tha t only sporadic, and  frequen tly  non-quantitative, 
da ta  a re  to be found scattered  in the  lite ra tu re  w ith respect to  their 
absorption spectra and dissociation constants. Q uantita tive  inform ation 
of this n a tu re  is of im portance in determ ining  the  tautom eric species 
involved in  biological activ ity ; this follows from  the  fact th a t the 
in troduction of an electronegative substituen t a t the  5-position of the 
uracil ring should lead to a m arked streng then ing  of its acid character, 
so th a t even a t neu tra l pH one m ight expect to  find a m ix tu re  of ionic 
species. Some steric  effects m ay also be anticipated, particu la rly  with 
regard  to the  4-carbonyl in  the  pyrim idine ring, which is ortho  to the 
5-position; as well as in th e  case of nucleosides and  nucleotides due 
to possible modifications of conform ation. Q uantita tive  data should also 
be of value in  investigations on the  physico-chem ical and enzymic 
properties of synthetic  polynucleotides containing halogenated residues 
[21, 15], as well as for analytical purposes in  investigations on na tu ra l 
nucleic acids which contain biologically incorporated halogenated 
rings.

P a rticu la rly  pertinen t is the  suggestion, advanced by W atson 
& Crick [23] and F reese [5] am ongst others, th a t incorporation of 
5-brom ouracil into DNA, w hich is associated w ith an increase in m uta
tion rate , m ight resu lt from the  occasional pairing of guanine w ith 
tau tom eric form s of thym ine o r brom ouracil. Experim ental evidence

[25 ]
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Fig. 1. 5 -B rcm o u rac il a t  v a rio u s  pH  v a lues se lec ted  to  in d ica te  the  tw o  ionic 
eq u ilib r ia . Isosbestic  po in ts  fo r 1st e q u ilib r iu m , w ith  pK j o f 8.05, a re  d en o ted  by 
dashes a an d  b; isosbestic  po in ts fo r 2nd eq u ilib r iu m , w ith  p K 2 ~  13, a re  d eno ted  
by с and  d. T he fig u res  on  each  cu rv e , in th is  an d  su b seq u en t d iag ram s, in d ica te  

pH  va lu es ; see T ab les fo r  fu r th e r  d a ta

Fig. 2. l-M e th y l-5 -b ro m o u ra c il a t  v a rio u s  pH  v a lu e s  in d ica ted . S p e c tru m  fo r pH  11 
rem a in s  u n a lte re d  w h en  pH  in creased  to  14. S ing le  ionic e q u ilib r iu m  w ith  iso sbes

tic  p o in t a t a and  pK  8.30

[26]
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in favour of such an  hypothesis has been recently  adduced by T rau tner 
et al. [22], who dem onstrated that the  in vitro  enzymic replication of the 
copolym er poly-A -BrU is accom panied by a small, but m easureable. 
incorporation of guanine.

EXPERIMENTAL

Materials

5-Fluorouracil [3] was a gift of Dr. R. D uschinsky and  Hoffm an- 
-LaRoche Inc.

1-M ethyluracil was prepared according to H ilbert & Johnson [8] 
and 3-m ethyluracil by a new general procedure for N3 m ethylation of 
uracil analogues by trea tm ent of the  1-acetyl derivatives [20] in 
anhydrous m edium  w ith diazom ethane. Both the foregoing, as well as 
uracil and 1,3-dim ethyluracil, w ere brom inated in  aqueous m edium  
according to H ilbert [7]. The brom inated products w ere repeatedly 
crystallized from  w ater to accepted m elting points (with decomp.) as 
follows: 5-brom ouracil, 285°; l-m ethyl-5-brom ouracil, 266°; 3-m ethyl- 
-5-brom ouracil, 220°; l,3-d:m ethyl-5-brom ouracil, 179 - 180°. For addi
tional criteria  of purity , see below.

5-Chlorouracil was prepared according to the  suggested procedure 
of Johnson & Johns [12], as follows: 1 g. uracil was suspended in 20 ml. 
chlorinated w ater and chlorine passed in to  the  suspension until a ll the  
uracil had dissolved, following which excess chlorine was rem oved by 
aeration. Zinc filings were then added and, after the  solution had been 
brought to 2 N with conc. HC1, it was heated to 100°. Several drops of 
concentrated HC1 w ere then added and  heating on the  steam  bath 
continued for 3 hr., during which a w hite precip ita te  form ed. A fter 
cooling, the  precip ita te  of chlorouracil was collected on a G-4 glass 
filter, washed with 1 n - H C I ,  water, alcohol and ether. R ecrystallization 
from w ater yielded 440 mg. of product w ith m.p. 321° (decomp.).

5-Iodouracil was prepared by tw o methods, one according to Prusoff 
et al. [17], the  o ther as worked out by Miss Z. Rybaków in this labora
tory  as follows: 170 mg. (1.5 шм) of uracil in 8 ml. of 80% acetic 
anhydride was heated to 70°. W ith constant stirring , 518 mg. (3.2 т м )  
of iodine chloride in 1 ml. 6 n-HCI was added dropwise, following which 
the tem pera tu re  was m aintained a t 70 - 75° for 1.5 hr. The reaction 
m ix ture  was th en  cooled, sa tu ra ted  w ith  SO2 and concentrated to  about 
4 - 5  ml. On cooling, the  resulting w hite precip ita te  of iodouracil (250 mg,, 
83% theor.) was filtered  off and recrystallized from  w ater to obtain 
white, glistening needles, m.p. 273 - 274° (decomp.). As for o ther halo- 
genated uracil derivatives, the  m elting point varied  w ith  ra te  of heating. 
Both of th e  foregoing preparations, as well as a sam ple kindly provided
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Fig. 3. 3 -M eth y l-5 -b ro m o u rac il a t  s ev e ra l pH  v a lu es  sho w in g  ex is ten ce  of single 
ionic e q u ilib r iu m  w ith  iso sbestic  p o in ts  a and b, pK  8.30

230 240 250 260 270 280 290 300 310 320 330
W avelength (m y )

Fig. 4. A b so rp tio n  sp ec tra  a t  pH  4, w h e re  o n ly  n o n -d isso c ia ted  fo rm s  a re  p re sen t, 
of (I), 5 -b ro m o u rac il; (II), l-m e th y l-5 -b ro m o u ra c il ;  (III), 3 -m e th y l-5 -b ro m o u ra c il;

(IV), l ,3 -d im e th y l-5 -b ro m o u ra c il
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by Dr. A. M. M ichelson, a ll exhibited identical properties chrom ato- 
graphically  and spectroscopically, w ith extinction coefficients agreeing 
to 1.5%.

B rom ouridine was p repared  according to H ilbert & Johnson [9] and 
iodouridine as described by Prusoff [16]. Chlorouridine was prepared 
by trea tm en t o f urid ine w ith chlorosuccinim ide in anhydrous dim ethyl 
form amide, bu t difficulty  was encountered in freeing the  final product 
from som e non-absorbing im purities; a CalBiochem. product was 
therefore used for determ ining  the  extinction value. F luorourid ine [26] 
was a gift of Dr. R. D uschinsky and  Hoffman-LaRoche Inc.

The ribonucleotides w ere p repared  in connection w ith the synthesis 
of oligo- and  polyribonucleotides (Szer & Shugar, in  preparation) and 
some analogues of the  nucleotide coenzyme UDPG (Schmidt, Szer 
& Shugar, in preparation) and w ere isolated either as th e  free acids or 
the  calcium  salts.

F luorodeoxyuridine [10] was kindly provided by Hoffm an-LaRoche 
Inc.; and sam ples of the  o ther deoxyribosides by California Corporation 
for Biochemical Research and by Dr. W. Szybalski.

METHODS

For m aking up stock solutions, all compounds w ere d ried  a t 
tem peratures betw een 110 and 135° and, w here necessary, under vacuum  
using an oil pum p. We have confirm ed the  ra th e r unexpected finding 
of G reer & Zam enhof [6], w ho dem onstrated  tha t 5-brom odeoxyuridine 
undergoes cleavage a t the  glycosidic bond on heating a t 100° at neutral 
pH. We have found, however, th a t under the sam e conditions 5-brom o- 
uridine exhib its no detectab le  degradation l. Nonetheless, in  view of 
the foregoing, care was exercised in preparation of stock solutions of the 
glycosides to  use th e  lowest possible tem pera tu re  to  induce solution 
of the  m ore d ifficu ltly  soluble compounds like th e  iodo analogues.

The pu rity  of th e  compounds was also tested by  paper electro
phoresis, as well as chrom atography w ith different solvent system s, 
using excessive quantities so as to  m ake possible detection of less than  
1%  of non-halogenated absorbing im purities, by m eans of a dark  u ltra 
violet lam p. An additional criterion was th e  sharpness of the  isosbestic 
points for the  individual com pounds [18, 19]. The possible presence of 
5,5'-dihalogeno derivatives was tested  for in  som e instances by an 
exam ination of the  spectrum  in alkaline m edium  at about 230 mp, under 
which conditions such compounds should exhibit a m axim um  at this

1 T his m a rk ed  la b ili ty  o f b ro m o d eo x y u rid in e  in  aq u eo u s m ed ium  a t n e u tra l 
pH  m ay v e ry  w ell he  th e  so u rce  o f th e  w e ll-k n o w n  and  o f t- re p o r te d  lab ility  of 
DNA c o n ta in in g  b io log ica lly  in c o rp o ra te d  halod^no  u racils .

[5L
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5 -  Chlorouracil

230 240 250 260 270 280 290 300 ЗЮ 320 330
Wavelength (m y )

Fig. 5. 5 -C h lo ro u rac il a t v a rio u s  pH  v a lu es and  e x h ib itin g  tw o  ionic equ ilib ria . 
Isosbestic  po in ts a t a and  b fo r f i r s t  eq u ilib r iu m  w ith  p K t 8.0; and  fo r second 

e q u ilib r iu m  a t с and  d w ith  pK s <  13

Fig. 6. 5 -F lu o ro u ra c il a t v a rio u s  pH  values. Iso sbestic  p o in ts  a t a and  b co rrespond  
to  f i r s t  ionic e q u ilib r iu m  w ith  p K j 8.0; those  a t c, d and e a re  fo r second e q u il i

b riu m  w ith  pK 2 ~  13

270 280 290 300 ЗЮ 320 330
Wavelength (m y )

5-riuorouracil 
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w avelength  w hich decreases with tim e due  to  opening of the 3,4 bond 
of th e  sa tu ra ted  pyrim idine ring  [1, 11].

B uffers used w ere phosphate, borate  and  te trabo ra te  -  phosphate, 
usually  a t m olarities of about 0.05 м. No influence of buffer m olarity 
on spectra or dissociation constants was observed over th e  range 
0 .05-0 .1  m ; nor did variations in sa lt concentration, up to 1 m, reveal 
an y  im portant differences. For ex trem e acid and  alkaline pH values, 
dilutions were m ade with HC1 and NaOH, accepting 0.01 n-HCI as pH 2. 
0.1 n-HCI as pH 1 and 0.01 n , 0.1 n  and 1 N-NaOH as pH 12, 13, 14, 
respectively.

A Radiom eter Model 22 m eter was used for all pH m easurem ents, 
a t a tem pera tu re  of 20 - 22°, and apparen t pK values are  considered 
accu ra te  to 0.05 pH units.

Most of th e  spectral m easurem ents w ere  m ade w ith a H ilger Uvispek, 
using 10-mm. cuvettes, so tha t concentrations of the  various compounds 
w ere  of the  o rder of 10~4 м. Some m easurem ents w ere also m ade w ith 
a  Unicam  SP-500, the  two instrum en ts agreeing to  better than  l°/o. All 
resu lts  a re  expressed as m olar extinction coefficients (e). Taking into 
account w eighing and other m anipulations involved, it is estim ated 
th a t extinction values are  correct to  be tter than  1.5%. It m ust, 
how ever, be em phasized th a t careful cleaning of the  cuvettes and 
application of th e  usual blank corrections a re  of considerable im portance 
[cf. 18].

RESULTS AND DISCUSSION

The absorption spectra of the  halogenated bases, as well as those 
of th e  various N -m ethylated  bromouracils, a re  exhibited in  Figs. 1 
through 8 . Some of the  pertinen t spectral da ta  have been compiled in  
Table 1. The dissociation constants, calculated from  the  variations of 
optical density with pH a t several wavelengths, a re  show n in  Table 2 .

The acid streng then ing  effect of halogenation on all compounds is 
quite clear (see also Table 2) and  it will be seen th a t it is, in general, 
only below pH 6 th a t all the  bases exist in  th e  non-dissociated form. 
That this is the  diketo form, as for uracil and thym ine, is shown unequi
vocally by a comparison of brom ouracil w ith its 1-m ethyl, 3-m ethyl 
and l,3-d:m ethyl analogues (Fig. 4). As in  th e  case of th e  corresponding 
uracil and 5-m ethyluracil (thymine), th e  5-halogenated derivatives also 
possess two dissociation constants involving the hydrogens on the  two 
ring nitrogens [19]. In fact, as m ay be seen  from Figs. 1, 5, 6 and  7, 
the acid strengthening  effect of halogenation m anifests itself likewise 
for the  second dissociation constants, which are  low ered sufficiently in  
the case of fluoro- and iodouracils so that th e  pK2 values m ay be 
m easured quan tita tively  (Table 2).

31
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Wavelength (т у )

Fig. 7. 5 -Io d o u rac il a t v a rio u s  pH  v a lu es . Iso sbestic  p o in ts  a t  a and  b co rrespond  
to  f ir s t  ionic eq u ilib r iu m  w ith  p K j 8.25; th a t  a t  с is fo r second eq u ilib r iu m

w ith  pK 2 <  13

Fig. 8. A bso rp tion  sp ec tra  a t  pH  4 o f n o n -d isso c ia ted  fo rm s o f (I), u ra c il; (II), 
5 -f lu o ro u rac il; (III),  5 -ch lo ro u rac il; (IV),  5 -b ro m o u rac il; (V), 5 -iodou rac il
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From  the  figures for l-m ethyl-5-brom ouracil and  3-m ethyl-5-brom o- 
uracil, and  by analogy .with th e  corresponding spectra for 1-m ethyluracil 
and 3-m ethyl uracil [19], it m ay be in ferred  th a t in  brcm ouracil it is 
likewise the  2-carbonyl which dissociates firs t and tha t the  second 
dissociation involves the  num ber 4-carbonyl. The sam e conclusion m ay 
be d raw n from  a comparison of th e  spectra for chloro- and iodouracils 
w ith that for uracil itself [19]. For fluorouracil, however, the  situation 
is not unam biguous (see Fig. 6) and  it will obviously be necessary to 
p repare  th e  1- and  3-m ethyl derivatives in  order to se ttle  th is question 
unequivocally. On the  o ther hand, the  spectrum  of 5-fluorouridine 
(Fig. 9), which m ay be regarded as an analogue of l-m ethyl-5-fluoro- 
uridine, suggests th a t th e  o rder of dissociation is probably the  sam e as 
for the  o ther derivatives. Nonetheless the  unusual biological properties 
of 5-fluorouracil and its glycosides indicate the  desirab ility  of a more 
detailed investigation of the  singly dissociated form, particu larly  when 
it is recalled th a t at physiological pH values (pH 7.2) a t least 13% is 
in th e  dissociated form.

T a b le  2
. '.C  * Y  . ... ' .

. Spectrophotometrically determined apparent pK values for halogenated uracil 
■ . derivatives

Values significant to 0.05 pH  units

[1 1 ] S P E C T R O PH O T O M E T R Y  O P  HALOGEN AT EO  U R A C ILS 35

Compound pKi pK2
Dissociated 
at pH 7.2 

(% )

Uracil 9.50a > 13“ <1
5-Fluorouracil 8.00ъ - 1 3 13
5-Chlorouracil 7.95 <13 15
5-Bromouracil 8.05c -1 3 12
l-Methyl-5-bromouracil 8.30d _ 7
3- Methy 1-5-bromouraci 1 8.30 — 7
5-Iodouracil 8.25

•
< 13 8

aTaken from Shugar & Fox [19].
bWempen et at. [24] give 7.98.
cKatritzky & Waring [13] give 7.83 by titration.
dKatritzky & Waring [13] give 7.84 by titration.

C ontrary  to the  observation of K a tritzky  & W aring [13] for 1-m ethyl- 
-5-brom ouracil, it w ill be seen from  Figs. 2 and 3 (cf. Table 2) that the  
acid weakening effect of N -m ethylation [19] is also present in  ;the case 
of bromouracil.

The bathochrom ic sh ift in the  principal absorption m axim a due to  
halogenation of uracil is seen from  Fig. 8 to increase in  the  order F, Cl, 
Br, I, i.e. in order of decreasing electronegativ ity  or in  o rder of

http://rcin.org.pl



Wavelength (т ц)

Fig. 9a. A b so rp tio n  sp ec tru m  of 5 -f lu o ro u r id ln e  a t pH  v a lu es in d ica ted . Isosbestic  
po in t a is fo r eq u ilib r iu m  co rresp o n d in g  to  d issocia tion  o f 4 -ca rb o n y l of py rim id in e  
r in g  w ith  pK  7.75; isosbestic  po in ts  b and  с a re  fo r d issoc ia tion  o f c a rb o h y d ra te

hyd roxy l(s)

Wavelength (m /j )

Fig. 9b. 5 -F lu o ro d eo x y u rid in e  a t pH  v a lu es  ind ica ted , w ith  isosbestic  po in t a for
4 -ca rb o n y l d issoc ia tion  (pK 7.8) and b fo r su g a r d issoc ia tion
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decreasing “bulkiness” or van der W aals’ radii of the halogeno sub
stituen ts . W hile it is possible tha t som e steric  effect resu lts from  the 
physical dim ensions of the  halogeno substituents, it is most unlikely 
tha t this is a m ajor factor in  the  bathochrom ic shift since a 5-m ethyl 
substituent, the van d e r  W aals’ radius of which is only slightly  less than  
tha t for I (2.0 A as com pared to  2.15 A), produces only a s m a l l  batho
chromic sh ift [19]. (The bathochrom ic sh ift in  the  absorption spectra 
resu lting  from  halogenation is such th a t the  extinction coefficients a t
253.7 тм- are considerably reduced as com pared to uracil. This is the  
w avelength of the  “d a rk ” u ltrav io let lam ps used for detecting nucleic 
acid derivatives on paper chrom atogram s; and it is for th is  reason tha t 2 
to 3-fold larger quantities of halogeno uracils, or their glycosides, m ust 
be spotted  on the chrom atogram s to provide a sim ilar level of detection 
with such lamps).

It should also be noted th a t the  m agnitude of th e  bathochromic 
shift for the  principal absorption m axim um  is decreased in  the  
dissociated form of l-m ethyl-5-brom ouracil (Fig. 2), as observed 
previously, but to a considerably sm aller extent, for 1-m ethyluracil [19]. 
The m agnitude of this decrease is again re la ted  to  the  degree of electro
negativity  of the  halogeno substituent, as will be seen below for th e  
nucleoside analogues.

A tten tion  is d irected  to Fig. 4, which exhibits the  spectra in  acid 
m edium, hence of th e  non-dissociated forms, of brom ouracil, 1-m ethyl- 
-5-brom ouraeil, 3-methyl-5-bro-m ouracil and l,3-dim ethyl-5-brom o- 
uracil. If we com pare these four spectra with the  corresponding ones 
for uracil and  its N-m ethy lated  analogues [19], neglecting the batho
chromic effect of brom ination on th e  absorption spectra, the  corres
pondence betw een the  two is seen .to be quan tita tively  excellent, i.e. 
the effect of N -m ethylation of brom ouracil on th e  absorption spectrum  
is sim ilar to  that for uracil itself. In particu lar, the  effects of Nt and N3 
m ethylation are  add itive  as in  th e  case of uracil [19]. The self- 
-consistency exhibited betw een th e  four curves in  Fig. 4, as com pared 
to the  corresponding ones for uracil (Fig. 12 in  ref. [19]), m ay therefore  
be regarded as confirm ation of the  correctness of th e  extinction 
coefficients for th e  four compounds. Brown et al. [2] have reported  
a m olar extinction coefficient for 3-m ethyl-5-brom ouracil of 6.96 X103 
at 275 mu in acid m edium , to  be com pared w ith o u r value of 6.6 X103 a t 
a m axim um  w avelength of 276 mu. The resu lts  show n in  Fig. 4 
substan tiate , in  our view, th e  la tte r  value. Brown et al. [2] also report 
an extinction for l-m ethyl-5-brom ouracil in  acid m edium  as 9.0 X103 a t 
265 іщл. A lthough the  discrepancy in  location of the  m axim um  is, in 
this case, probably due  in large p a rt to the  fact th a t th e  m axim um  is 
ex trem ely  broad (see Fig. 7), and is therefo re  m ore ap p aren t than  real,

{23] S P E C T R O PH O T O M E T R Y  O F HALO G EN A TED  URAC ILS 3 7
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230 240 250 260 270 280 290 300 ЗЮ 320
i : Wavelength (m y )

Fig. 10b. 5 -C h Io rodeoxyu rid ine  a t pH  v a lu es  in d ic a te d , w ith  isosbestic  p o in t a fo r 
< 4 -carbony l d issocia tion  (pK 7.9) and  b fo r  c a rb o h y d ra te  d issocia tion

[38]

A
\ 5-Chlorouridine  

\

i \

240 250 260 270 280 290 300 ЗЮ 320 330
Wavelength (m y )

Fig. 10a. 5 -C h lo ro u rid in e  a t pH  v a lu e s  in d ica ted , w ith  isosbestic  p o in t a fo r  4 -c a r 
bony l d issoc ia tion  (pK 8.2) and  b and  с fo r  su g a r d issoc ia tion

5 - Chlorodeoxy uridine

http://rcin.org.pl



[15] SP E C TR O PH O TO M ETR Y  O F  HALOGENATED U RACILS

the agreem ent betw een extinction coefficients is as good as m ight be 
expected. •

l,3-D im ethyl-5-brom ouracil was found to be unstab le  in a lkaline 
m edium, as previously reported  for a num ber of N, N '-dim ethyl 
diketopyrim idines (see ref. [11] for literature), and  due, a t least in  part, 
to opening of the  pyrim idine ring  a t the  3,4 position [11]. The brom o 
analogue is, however, considerably m ore unstab le in alkali than  the 
non-halogeno diketopyrim idines, so tha t it is rela tively  rap id ly  degraded 
even a t pH 12, like N -m ethyl-5-brom ouridine [21]; e.g., for d im ethyl- 
uracil a  sim ilar ra te  of degradation at room tem peratu re  requires 
a pH betw een 13 and  14.

The absorption spectra for th e  halogenated ribonucleosides and 
deoxyribonucleosides a re  represented  in Figs. 9a through 12b; and the  
corresponding spectral data and  pK values in  Tables 3 and  4.

From  a general point of view th e  spectra a re  qualitatively  in accord 
w ith w hat one m ight expect on the  basis of the  spectra of the  halo
genated bases and, in  particular, th a t for l-m ethyl-5-brom ouracil. 
There are, however, a few features of some in terest which m erit 
comment.

Halogenation produces a bathochrom ic shift of the principal absorp
tion maxima, rela tive to  the  uracil glycosides [4] which, as in th e  case 
of the  bases, increases with decreasing electronegativity  (or increasing 
bulkiness) of the  halogen substituent. However, the  hypochrom ic effect 
(i.e. reduction in extinction coefficient as com pared to uracil glycosides) 
is only 7 - 8 %  for the  fluoro, chloro and bromo analogues, but very 
m arked (about 23%) for the  icdo derivatives. In this respect the  
resu lts a re  com parable to those for the  free  bases (cf. above).

Furtherm ore, w hile Ainax for th e  fluoro glycosides is unchanged in 
a lkaline medium, i.e. for th e  dissociated form, it undergoes a net hypso- 
chromic shift for the  chloro and  brom o derivatives and  a very 
pronounced one for the  iodo glycosides. The o rder is again, as before, 
F, Cl, Br, I.

Of some in terest in  connection w ith the  foregoing is a com parison 
of l-m ethyl-5-brom ouracil (Fig. 2) w ith  its analogue 5-brom ourid:ne 
(Fig. 11a). For the  non-dissociated forms, Amax for the  form er is a t
286.5 mix and for the  la tte r  278.5 mix. For the  dissociated forms, there  
is a hypsochromic shift of Amax for the  form er of 6.5 mix, w hile for the  
la tte r th is is only 1.5 mix. Since the  pK values are, if w e take  the ex trem e 
lim its of experim ental error, sim ilar (Tables 2 and 4), it m ay be inferred  
th a t it is ra th e r  the  “bulk effect” of the  Br 'su b s titu e n t which is of 
im portance here. In th e  corresponding 1-m ethyluracil and  uridine, 
a sim ilar, but much less pronounced, effect is encountered. It would 
obviously be of in terest to com pare the  o ther halogenated ribosides 
w ith their corresponding 1-m ethyl analogues.

M9-
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5 -B ro m o d eo x y u rid in e  a t pH  v a lu es in d ica ted , w ith  isosbestic  po in t a for 
4 -ca rb o n y l d isso c ia tio n  (pK  7.9) and  b fo r su g a r d isso c ia tio n

[42]

\  5 - Bromouridine
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3

5 -B ro m o u rid in e  a t pH  v a lu es  in d ica ted , w ith  isosbestic  p o in t a fo r 4 -c a r 
bonyl d issoc ia tion  (pK 8.2) and b fo r c a rb o h y d ra te  d issoc ia tion
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5 -  Bromodeoxyuridine
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For all th e  halogenated glycosides, the  influence of sugar hydroxyl 
dissociation is reflected, as in  th e  case of uracil glycosides [4], by 
a fu rth e r m odification in the  absorption spectrum  above pH 12 -13 . 
No attem pts w ere m ade to estim ate the  m agnitude of th e  pK value for 
carbohydrate hydroxy] dissociation, but an exam ination of Figs. 12a 
and 12b shows th a t the  spectral sh ift is appreciable enough for the  iodo 
derivatives to m ake such m easurem ents feasible. The influence of sugar 
dissociation on the absorption spectra exhibits in  all instances some 
difference betw een th e  riboside and  deoxyriboside, testify ing to the 
role of th e  2' hydroxyl in  the  in teraction between th e  carbohydrate 
and  aglycon rings; but not, as previously pointed out from other 
considerations [25], to  the  exclusion of the  rem aining hydroxyls.

T a b le  4

Spectrophotometrically determined apparent pK values for halogenated uracil ribosides
and deoxyribosides

The pK values are for 4-carbonyl dissociation to within 0.05 pH units. Sugar pK values are all
above pH  13 (see Figs. 9 to 12)

Compound

.

pK,
Dissociated at 

pH 7.2
(%)

Uridine 9.25a <1
Deoxyuridine 9.30a <1
5-Fluorouridine 7.75b 22
5-Fluoroisopropylideneuridine 7.50 33
5-Fluorodeoxy uridine 7.80" 17
5-Chlorouridine 8.20d 9
5-Chlorodeoxyuridine 7.90 16
5-Bromouridine 8.20e 9
5-Bromodeoxyui idine 7.901 16
5-Iodouridine 8.50« 5
5-Iododeoxyuridine 8.20 9

aTaken from Fox & Shugar [4j. 
bWempen et al. [24] give 7.57. 
kWempen et al. [24] give 7.66.
^Letters & Michelson [15] give 8.5. 
eLetters & Michelson [15] give 8.5. 
fLawley & Brooks [14] give 8.1.
SLetters & Michelson [15] give 8.8.

W hen we exam ine the effect of halogenation on the  dissociation of 
the  pyrim idine 4-carbonyl, it w ill be noted (Table 4) tha t the  acid 
strengthening  effect is quite sim ilar to tha t for the  bases. But, w ith the  
exception of the fluoro glycosides (and it should be borne in  m ind that 
fluorine is not a typical halogen), th ere  is a net d ifference of 0.3 pH

http://rcin.org.pl



Fig. 12a. 5 -Io d o u rid in e  a t pH  v a lu es  in d ica ted , w ith  isosbestic  p o in t a fo r 4 -ca r
bony l d isso c ia tio n  (pK 8.5) and  b fo r  su g a r d issoc ia tion

Wavelength (m y )

Fig. 12b. 5 -Io d o d eo x y u rid in e  a t pH  va lu es in d ica ted , w ith  iso sbestic  p o in t a for 
4 -ca rb o n y l d isso c ia tio n  (pK  8.2) an d  b fo r c a rb o h y d ra te  d issocia tion
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units betw een the  pK values for the  ribosides and  deoxyribosides, the 
la tte r being m ore acidic. This again reflects the  influence of the  2' hydro
xyl. We have, on the  o ther hand, exam ined the  spectrum  of 5-fluoro- 
-2' : З '-O -isopropylideneurid ine2 as a function of pH and find th a t the  
pK for carbonyl dissociation is 7.5 as com pared to 7.8 for 5-fluorouridine 
(Table 4). Furtherm ore  the  absorption spectrum  a t pH 14 indicated that 
the degree of carbohydrate hydroxyl dissociation, w hile  altered , is 
still m arked, showing th a t it is not only th e  2'  hydroxyl which is 
responsible for these effects (see ref. [25] for discussion of this point).

No attem pts w ere  m ade to  estim ate directly  the  extinction 
coefficients of the  nucleotides. That for 5-brom ouridine-2'(3 ')-phosphate 
was m easured indirectly  by hydrolysing it w ith acid phosphatase a t pH 5 
to brom ouridine; no significant change in  the  absorption spectrum  
could be discerned. For th e  o ther halogenated nucleotides, only the 
5 '-phosphates were available. M easurem ents of the  pK values for 
carbonyl dissociation of a ll four nucleotides gave values of 7.75, 8.2, 
8.2 and  8.5 for th e  fluoro, chloro, brom o and icdo derivatives, respecti
vely, i.e. the  sam e values as fo r th e  nucleosides (Table 4). These 
determ inations are  in d isagreem ent w ith those of L etters & Michelson 
[15] who' report 8.5, 8.5 and 8.8 for the  2'(3')-phosp'hates of chloro, bromo 
and icdo uridine, respectively.

A titrim etric  procedure was used to estim ate th e  pK for dissociation 
of th e  secondary phosphate hydroxyl in 5-brom ouridine-2/(3/)-phosphate. 
The titra tion  curve is complex, as m ight be expected, since the  phos
phate hydroxyl and  4-carbonyl dissociations overlap, bu t th e  resu lts 
indicated tha t the  pK for secondary phosphate hydroxyl was unaltered  
relative to tha t for uridine-2/(3/)-phosphate.

From  Tables 2 and 4, as w ell as from  th e  data  cited in the  preceding 
two paragraphs, it is clear th a t the  halogeno uracils and all their glyco
sides exist in neu tra l, aqueous m edium  as a m ix tu re  which includes 
an appreciable percentage of the  anionic form. It is consequently of 
im portance, w hen using these derivatives in biological experim ents, to 
determ ine w hether it is the non-dissociated form  which is the  biologi
cally active species, or the  anion. In m ost instances a sm all change in 
pH will likely suffice for th is  purpose; w here conditions perm it, one 
m ay employ a pH of 6 for th e  com pletely non-dissociated form. 
It should be noted tha t, in  th e  experim ents of T rau tner et al. [22], 
referred  to in the  in troduction, th e  pH em ployed was such th a t the 
free  brom ouracil residues w ould be expected to be largely  in the  
dissociated form. This m ay not necessarily  be the case once the  residues 
are incorporated in to  a tw in -stranded  helix.

2 T h is  com pound w ill be re p o r te d  on  e lsew h e re  (S z e r‘& S h u g ar, A cta  B iochim . 
Polon., 1963, in p ress) in  connection  w ith  th e  p re p a ra tio n  of p o ly -5 -flu o ro u rid y lic  acid.

http://rcin.org.pl



4 6  !• К . BER EN S a n d  D. SH U G A R [22]

A ttention should be draw n to the fact that the  Br, Cl and I derivatives 
of uracil and. its glycosides show appreciable absorption a t wavelengths 
to the red  of 300 mia. This is certain ly  not unrelated  to  the frequent 
reports on the sensitiv ity  of halogenated deoxyribonucleic acids to the 
radiation from ord inary  “d ay ligh t” lam ps. Such lam ps a re  known to 
em it traces of radiation down to as low as 300 mp, w here the  halogenated 
residues absorb and would consequently be expected to react photo^ 
chemically.

We are indebted to the following for m aking available compounds 
useful in the  foregoing study: Dr. R. Duschinsky and Hoffm an-LaRoche 
Inc., California Corporation for Biochemical Research, Dr. A. M. Michel- 
son and Dr. W. Szybalski. Our thanks a re  also due to  Mgr. Z. Rybaków 
and Dr. W. Szer for their assistance in  the  synthetic  work.

SUMMARY

A system atic quan tita tive  tabu la tion  has been m ade of the u ltra 
violet absorption spectra of the  halogenated uracils, their ribosides and 
deoxyribosides, as a function of pH; and of the  dissociation constants 
of these, as well a:s their nucleotides.

The resu lts  dem onstrate the  norm al, acid streng then ing  effect of 
halogenation on all compounds, so th a t an appreciable percentage is 
dissociated a t physiological pH. The spectra exhibit the  usual batho- 
chromic and  hypochromic shifts rela tive  to the  non-halogenated 
compounds, in  the  order F, Cl, Br, I.

The bases all exhibit two pK values, as for uracil and  thym ine, 
corresponding to the  2- and 4-carbonyls. The form er is the  first to 
dissociate; but the  da ta  for fluorouracil requ ire  additional confirm ation. 
The acid strengthening  effect of halogenation is pronounced for th e  pK2 
values, involving the 4-carbonyl; in fact th e  pK2 values a re  sufficiently  
reduced, by comparison w ith  uracil and thym ine, th a t they  are suscep
tible of accurate m easurem ent.

The sim ilarities and  differences betw een the ribosides and deoxy
ribosides a re  discussed. The spectra of all of these  a re  also slightly  
modified by dissociation of the  carbohydrate hydroxyls a t high pH. 
The observation of G reer & Zam enhof as to  the  therm olability  of the  
glycosidic linkage of 5-brom cdeoxyuridine has been confirm ed; but, 
under the  sam e conditions, brom ouridine is stable.

The nucleotides exhibit pK values for 4-carbonyl dissociation very  
sim ilar to  those for the  nucleosides. In  5-brom ouridylic acid the pK of 
th e  secondary phosphate hydroxyls is only slightly  modified.
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W IDM A A B SO R PC Y JN E  W U L T R A FIO L E C IE  CHLO RO W COW Y CH  
PO C H O D N Y C H  U RA C Y LU  I JE G O  GLU KO ZYD ÓW

к
S t r e s z c z e n i e

W ykonano ilościowe pom iary widm absorpcyjnych w ultrafiolecie 
chlorowcowych pochodnych uracylu, oraz ich rybozydów  i deoksyrybo- 
żydów, w zależności od pH. Oznaczono również sta łe  dysocjacji wyżej 
wym ienionych związków.

U zyskane dane ilustru ją  efek t zwiększenia kwasowości tych  wszyst
kich związków przy podstaw ieniu chlorowcem, co pow oduje znaczną 
dysocjację w fizjologicznym zakresie pH. W idma w ykazują zwykłe bato- 
chrom owe i hypochrom owe przesunięcia w stosunku do związków nie 
podstawionych chlorowcem, w zrastające w szeregu: F, Cl, Br, J.
4 http://rcin.org.pl



4 8  К . B ER EN S a n d  D . S H U G A R  [24]

W szystkie badane zasady, analogicznie do uracylu  i  tym iny, w yka
zują dw ie wartości pK odpowiadające dysocjacji g rupy  2- i  4-karbony
lowej. G rupa 2-kar bony Iowa dysocjuje pierwsza, lecz dane uzyskane 
dla fluorouracylu w ym agają dodatkowego potw ierdzenia. Zwiększenie 
kwasowości przy podstaw ieniu chlorowcem jest w yraźne  dla wartości 
pK 2 dotyczącej grupy 4-karbonylow ej; w porów naniu z uracylem  i  ty -  
miną, wartości pK2 są w dostatecznym  stopniu obniżone, co um ożliw ia 
dokładny pomiar.

'Przedyskutowano analogie i różnice pom iędzy rybozydam i a deoksy - 
rybozydam i. Dysocjacja grup  hydroksylow ych resz ty  cukrow ej przy 
wysokich pH zmienia nieco w idm a tych  związków. Potwierdzono za
obserwowaną przez G reer’a i Zam enhof’a term olabilność glikozydowego 
wiązania w 5-brom cdeoksyurydynie. W tych  sam ych w arunkach 5-bro- 
m ourydyna jest trw ała.

W artości pK dla dysocjacji grupy 4-karbonylow ej w  nukleotydach 
są bardzo zbliżone do w artości d la  nukleozydów. W kw asie 5-brom o- 
urydylow ym  pK drugorzędow ej grupy hydroksylow ej fosforanu jes t 
nieco zmienione.

R eceived  26 Ju ly  1962
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ISOLATION AND AMINO ACID COMPOSITION OF THE CATHODIC 
PROTEIN FROM HOG KIDNEY MITOCHONDRIA

D ep a rtm en t o f B io ch em istry , M edica l School, G dańsk

Proteins, which had been ex tracted  from  hog kidney homogenate 
with sulphosalicylic acid, in paper electrophoresis separated  in to  several 
anodic and  cathodic fractions [7]. It has been also dem onstrated  tha t 
the cathodic protein  fractions orig inate  from  m itochondria. The fastest 
moving fraction A  was th e  largest one, the  sm aller fraction В m igrated 
slower.

In  the present paper the  isolation and  am ino acid composition of the  
cathodic protein  fraction A  from hog kidney m itochondria is reported.

METHODS

From  hog kidney hom ogenate in 0.25 м -saccharose solution the 
proteins soluble in 0.2 м -sulphosalicylic acid w ere ex tracted  and con
centrated  as described previously [7]. The concentrated  protein  solution 
was dialysed for 24 hr. against d istilled  w ater, then lyophilized and 
stored a t - 10°.

The sulphosalicyiic acid-soluble proteins w ere  fractionated on 
carboxym ethylcellulose (Serva) colum ns a t 2°. Carboxym ethylcellulose 
was suspended in 0.05 м -acetate  buffer, pH 4.2, and  packed into the  
colum n (1 X 15 cm.) a t a p ressu re  of 120 cm. of w ater. Then 50 mg. of 
protein dissolved in 5 ml. of aceta te  bu ffer was applied to  th e  colum n 
and the  fractions eluted w ith a grad ien t of increasing concentration of 
potassium  chloride in acetate  buffer. The fnixing vessel containing 
150 ml. of acetate  buffer w as connected by ru b b er tubings w ith  the  
column, and  w ith a vessel containing 0.6 м -KCl solution. An electro
m agnetic m ixer was used and during  th e  elution th e  volum e of solvent 
in the  m ixing vessel was constant. F ractions of 3 ml. w ere  collected 
every ten  m inutes. The concentration of KC1 in  each fraction w as 
calculated from the  equation given by Cherkin et al. [2].

[49]
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P rotein  was determ ined  in  th e  fractions by the  tann in  m ethod [5] 
and by m easuring the  extinction a t 280 mix in 1 cm. cuvette. The fractions 
comprising a  peak w ere combined, dialysed, and a fte r  lyophilization 
subm itted to paper electrophoresis as previously described [7].

The electrophoretical fraction A  was hydrolysed for 20 hr. w ith 
6 n-HCI or 14% Ba(OH )2 (Block et al. [1], p. 80 and  83), and  then  its 
amino acid composition exam ined by paper chrom atography. Six mg. of 
protein was used for acid, and  3 mg. for alkaline hydrolysis, and  the  
evaporated hydrolysates w ere dissolved in 1 and 0.5 ml. of w ater, res
pectively. Sam ples of 20 ixl. w ere  applied on 3X30 cm. strips of W hat
m an no. 1 paper. The chrom atogram s w ere developed with th e  ascending 
technique th ree  tim es in  th e  solvent system  of n-butanol - acetic acid - 
w ater (4:1:1, by vol.) (solvent 1). For tw o-dim ensional chrom atography 
(developed twice) the  sam e solvent was used in  th e  first run ; in  the  
second run  2 ,6-lu tid ine - collidine - w ater (1 :1 :1, by vol.) w ith  2%  addi
tion of d iethylam ine was used (solvent 2). The identification of am ino 
acids was made by com paring th e ir R f  values w ith those of standards 
chrom atographed sim ultaneously. In dubious cases th e  areas correspond
ing to the  non-identified amino acids w ere  cut out, elu ted  with w ater 
and rechrom atographed in su itab le  solvents.

M ethionine was also checked by oxidation w ith H20 2; S 0 2-m ethionine 
form ed during  th is  procedure has in  solvent 1 a d ifferen t R f  value than  
m ethionine. Cystine or cysteine was also checked w ith sodium n itro- 
prusside [1].

For the  quan tita tive  determ ination  of am ino acids, except proline, 
the m ethcd of M eyer as m odified by K rebs & Bellam y [3] was used, 
the  chrom atogram s being developed th ree  tim es in  solvent 1. From  the 
sam e chrom atogram s, the  spots of proline localized w ith  n inhydrin  were 
eluted to  1 ml. of w ater, and for th e  quan tita tive  determ ination  of pro
line the  procedure of M esser [6] was adopted.

The am ino acids m igrating together w ere determ ined  together: leu
cine and/or isoleucine; th reonine and  glutam ic acid; glycine w ith serine 
and  aspartic acid; lysine and histidine. The ratio  of threonine to g lu ta
mic acid was determ ined in the  following way. From  th e  developed chro
m atogram  the  corresponding area, partly  including th e  neighbouring 
amino acids (alanine, serine and glycine) was cut out and eluted, then 
the am ino acids w ere rec^rom atographed  using tw ice the  solvent 2. The 
chrom atogram s w ere sprayed  w ith K rebs n inhydrin  reagen t w ith  4% 
(v/v) acetic acid added, and left for 2 hr. a t room tem perature . A good 
separation of th reonine and  glutam ic acid from  each other, as well as 
from  the  neighbouring amino acids was obtained. Threonine and  g lu ta
mic acid were determ ined according to K rebs & Bellam y [3] and their 
m olar ratio  calculated. The separation  and determ ination  of serine, gly
cine and  aspartic  acid w ere m ade in  a sim ilar way. The rechrom ato

http://rcin.org.pl
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graphy w as carried  ou t tw ice in phenol - w ater (10 :20 , v/v) w ith 0 .3%  
NH3 added, then  sprayed  with n inhydrin  solution (without acetic acid) 
and left for 2 hr. a t room tem perature. H istidine was separated  from 
lysine a fte r  rechrom atography in tert-bu tano l - ethyl m ethyl ketone - 
w ater - d iethylam ine (40:40:20:4, by vol.) [1], but it was not possible to 
determ ine th e ir ratio, as the am ount of lysine was great, and  tha t of 
histidine ve ry  small.

The tes t for protein-bound hexoses w as m ade a fte r  W inzler [9], and 
for sialic acid after Svennerholm  [8].

RESULTS AND DISCUSSION

The fractionation  by colum n chrom atography of sulphosalicylic acid- 
-soluble pro teins from  hog kidney gave th ree  protein  peaks as d e te r
m ined w ith the  tann in  m ethod (Fig. 1). Peak I  was characterized by 
a considerable absorption at 280 т ц .  On paper electrophoresis at pH 8.6 
this fraction  was homogeneous and moved tow ards the  anode (Fig. 2). 
The protein  peak II  showed sm aller absorption a t 280 mu, and  on elec
trophoresis separa ted  in to  two anodic fractions, and one cathodic frac-

Fig. 1. G ra d ie n t e lu tio n  o f su lp h o sa licy lic  a c id -so lu b le  protedns fro m  hog  k id n ey  
hom ogenate , fro m  ca rb o x y m e th y lce llu lo se  (0.05 м -a c e ta te  b u ffe r, pH  4.2, w ith  
in c reas in g  KC1 co n cen tra tion ). E x p e rim e n ta l d e ta ils  a re  g iven  in  th e  tex t, (o ), 
P ro te in  d e te rm in e d  by  ta n n in  m ethod  [5]; (x),. ex tin c tio n  a t  280 т ц  in 1 cm.

cu v e tte
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tion corresponding to  th e  fraction В  in  m itochondria [7]. The peak III 
was electrophoretically  homogeneous and corresponded to  th e  m itochon
drial cathodic fraction A. Its  absorption at 280 mu was alm ost negligible.

The am ino acid analysis of fraction A  carried  out by tw o-dim ensional 
chrom atography (Fig. 3) revealed th e  presence of leucine and /or isoleu
cine, valine, proline, alanine, threonine, glutam ic acid, glycine, serine, 
aspartic  acid, lysine w ith  arg in ine and  histidine.

D uring the  acid hydrolysis, glu tam ine and  asparagine a re  converted 
to  th e ir  am ino acids, therefo re  it is not known w hether th e  dem onstrated  
aspartic  and  glutam ic acids w ere not derived from  asparagine and  g lu
tam ine. No arom atic am ino acids w ere found which agrees w ith the 
lack of extinction a t 280 mix. The presence of tryp tophan  w as excluded 
by chrom atography of alkaline hydrolysates. T here w ere also no su l
phur-containing am ino acids.

The tests for protein-bound hexoses and for sialic acid in  fraction  A  
w ere negative. These resu lts  seem  to  indicate th a t th is protein contains 
no carbohydrate component.

The quan tita tive  amino acid composition of fraction A  w as m ade on 
th ree  d ifferen t preparations. The resu lts  presented  in  Table 1 show  th a t 
a notable reproducibility  has been obtained for several am ino acids, 
while for others, for exam ple valine and  leucine, the  values w ere d i-

T ab le  1

Amino acid composition o f cathodic protein fraction A from hog kidney mitochondria
The protein was isolated by carboxymethylcellulose chromatography, then after hydrolysis amino 
acids were separated on paper chromatography and, except histidine, determined colorimetrically. 
Details see text. Mean values, ± S .D . are given. For preparations I  and III 6 determinations were 

m ade; for preparation II, 7 determinations

Moles of amino acid per 100 moles of amino acids
present in the protein hydrolysate

Amino acid -

I II I ll

Histidine <1 <1 <1
Aspartic acid 0.7 ± 0 .1 0.8 ±  0.1 0.7 ±  0.1
Leucine 2.0 ±  0.5 5.2 ±  0.5 4.1 ±  0.6
Valine 2.6 ±  0.5 4.1 ±  1.0 3.3 ±  0.9
Arginine 3.6 ± 0 .3 2.7 ±  0.1 3.1 ± 0 .5
Serine 4.7 ±  0.7 6.9 ±  0.9 6.1 ±  0.6
Glutamic acid 6.1 ± 0 .5 6.2 ±  0.7 6.9 ±  0.6
Threonine 6.1 ± 0 .5 6.2 ±  0.6 6.9 ±  0.6
Glycine 8.1 ± 0 .6 11.4 ± 0 .8 10.1 ±  0.9
Proline 16.0 ±  2.8 15.4 ±  1.4 14.2 ±  1.5
Alanine 17.2 ±  1.0 17.8 ± 0 .7 16.7 ±  1.3
Lysine 32.3 ±  2.1 23.1 ±  2.5 27.5 ±  3.4

52
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Fig. 2. P a p e r  e lec tro p h o resis  in  v e ro n a l b u ffe r, pH  8.6, o f su lphosalicy lic  ac id - 
-so lu b le  p ro te in s  fro m  hog k id n ey  hom ogenate , befo re  and  a f te r  ca rb o x y m e th y l-  
ce llu lo se  ch ro m a to g rap h y  . (1), S u lphosa licy lic  a c id -so lu b le  p ro te in s  fro m  hog 
k id n e y  h om ogenate ; (2), p eak  I  fro m  carb o x y m eth y lce llu lo se  ch ro m ato g rap h y ; 
(3), p eak  II;  (4), p eak  III. A , F a s t m ig ra tin g , and B, s low ly  m ig ra tin g  ca thod ic

frac tio n s

F ig . 3. P a p e r  ch ro m ato g rap h y  o f a d d  h y d ro ly sa te  o f f ra c tio n  A  p ro te in . I  ru n , 
л -b u ta n o l -  ace tic  a c id - w a t e r  ( 1 : 1 : 1 ,  by  vol.); I I  ruin, 2,6 -lu tid in e  -  co llid ine  -  
- w a te r  (1 :1  :1 , b y  vol.) w ith  2%  d ie th y lam in e . 1, L eu c in e  o r  iso leucine; 2, v a lin e ; 
3, p ro lin e ; 4, a lan in e ; 5, th reo n in e ; 6, g lu tam ic  acid ; 7, g lycine; 8, se rin e ; 9, a sp a r tic  

acid ; 10, ly s in e  w ith  a rg in in e ; 11, h is tid in e

A cta B iochim . Polon., vol. X, 1963 (facing p, 52).
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vergent. These discrepancies could resu lt either from  non-hom ogeneity 
of the  preparations o r from  errors in th e  determ inations, as the  values 
of standard  deviation w ere ra th e r  high.

The fraction A  protein  is composed in  one q u arte r of basic am ino 
acids. Lysine was found in  greatest quantities, about 25%, and  arginine 
form ed only 3%. H istidine w as found in  less than  1% , and  was not 
determ ined. A lanine constitu ted  about 17%, proline about 15%, and 
glycine about 10%. O ther am ino acids w ere w ith in  the  range of 2 - 7%, 
except aspartic  acid which am ounted to  less th an  1% .

Recently M achinist et al. [4] reported  th a t basic proteins and  basic 
peptides (i.e. synthetic  polylysine) can  bind phospholipids and  acidic 
glycoproteins, and  in  th is w ay significantly  influence certain  enzymic 
reactions. It m ay be possible th a t the  dem onstrated  basic protein in 
kidney m itochondria has sim ilar properties.

SUMMARY

Hog kidney proteins soluble in 0.2 м-sulphosalicylie acid w ere sepa
ra ted  on carboxym ethylcellulose colum n in to  th ree  peaks.

The peak III w as homogeneous in paper electrophoresis and was 
identified w ith the  cathcdie fraction A from  hog kidney m itochondria. 
The amino acid composition of this protein  was determ ined.
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IZ O LO W A N IE  O R A Z SK ŁA D  A M IN O K W A SÓ W  B IA Ł K A  K ATOD OW EG O  
Z M ITO C H O N D R IÓ W  N E R E K  W IE PR ZA

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

Przy pomocy chromatografii na karboksymetylocelulozie rozdzielono roz
puszczalne w kwasie sulfosalicylowym białka nerki wieprza na trgy składowe.

Jedną z nich (III) zidentyfikow ano jako elektroforetyczną frakcję  k a 
todową A z m itochondriów  nerki. Zbadano jakościowy i ilościowy skład 
am inokwasów w  tym  białku.

R eceived  27 Ju ly  1962.
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NITROGEN COMPOUNDS IN SNAIL HELIX PO MATIA EXCRETION

In s titu te  o f B io ch em is try  an d  B iophysics, P o lish  A c a d e m y  o f Sciences, 
and D ep a rtm en t o f P hysio log ica l C h em is try , M edical School, W arszaw a

It is generally  accepted th a t in snails th ere  is a  seasonal change in 
the excreted end-product of protein  m etabolism  following th e  ecological 
conditions. D uring dorm ancy (hibernation or estivation) w hen the  w ater 
supply  to th e  body is restricted , uric acid is the  end-product. On the  
o ther hand, during the  period of activ ity  w hen the  snail is feeding on 
plants the organism  is am ply provided w ith w ater and  then  urea is 
a m ajor constituent of nitrogenous wastes. This view orig inated from  
the data collected by J. Needham  and is discussed by E. Baldwin in 
his well known book [2]. In Baldw in’s in terp re ta tion  the sh ift from  urea 
to uric acid excretion perm its to avoid the  rise of osmotic pressure due  
to reten tion  of excreta [1]. According to  these data, the  snail Helix  po- 
matia excretes during  the  feeding pericd  13.7°/o of total nitrogen as 
ammonia, 20°/o as urea, 10.7% in the  form  of uric acid, and 6%  as am ino 
acids, creatin ine and o ther compounds. It follows th a t 50% of n itrogen 
in excreta rem ains unaccounted for.

The aim  of the  present study  was to  fill th is gap and  to  exam ine th e  
wastes accum ulating in nephridia during hibernation as well as during 
the active pericd of snail’s life. P ara lle lly  the  nephrid ial excreta w ere  
collected and  analysed.

EXPERIMENTAL

Preparation of material

D uring hibernation the  snails w ith  opercula closed by calcified epi- 
phragm  w ere stored in a refrigera to r a t 4°. In spring the  anim als w ere  
transferred  to glass beakers and kept at room tem perature . The bottom  
of the  vessels was covered w ith  a 2 - 4 m illim eters high layer of w ater. 
A fter aw akening the snails w ere  fed w ith garden lettuce and cauliflow er 
leaves. They spent most of the  tim e on the w alls of the beakers w here  
faeces and nephridial excreta w ere deposited.

[55]http://rcin.org.pl
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For analysis during both hibernation and  active period th e  snails 
were -dissected and  th e  nephridia w ere isolated. In snail the  nephrid ium  
functions as storage-tissue collecting the  end-products of N m etabolism  
transported  by haem olym ph from  pericardial space. D uring th e  feeding 
period these products a re  partially  excreted. The average w eight of ne
phridium  is 240 mg. of which only a sm all part consists of tissue proper. 
The yellowish, sem iliquid content consists m ainly  of concrem ents of 
what was generally  regarded  to  be only uric acid.

The content of each nephrid ium  was rinsed out w ith  d istilled  w ater 
into a 100 ml. flask. A sa tu ra ted  solution of lith ium  carbonate was 
instilled under shaking and  m oderate heating until a ll concrem ents were 
dissolved. Distilled w ater and a few crystals of thym ol w ere added to 
m ake up the  volum e to 100 ml., and the  solution was stored in a re 
frigerator.

The excreta deposited by the feeding snails on the w alls of glass 
beakers consisted of two separable parts, the  one being nephrid ial ex
creta and  the  o ther faeces. The yellowish nephrid ial excreta w ere col
lected an d  analysed during  April, May and June. A 100 mg. sam ple of 
a ir d ry  excreta was dissolved in 50 ml. of distilled  w ater w ith thym ol, 
and lith ium  carbonate  added as m entioned above.

In solutions of nephridial content and of excreta the  total nitrogen as 
well as the  nitrogen of some compounds was estim ated. The resu lts are  
presented in  Table 1.

Total nitrogen

This was estim ated a fte r  K jeldahl in 5 ml. of th e  solution using 
sulphuric acid supplem ented w ith potassium  su lphate  an d  sm all am ounts 
• f  cupric sulphate. R esults a re  calculated as mg. N in the whole nephri
dium  or in  100 mg. of excreta.

D uring hibernation the  average content of N in one nephrid ium  was 
47 mg. D uring the  feeding period only 21 mg. was found. In excreta the  
total N am ounted to 33 mg. per 100 mg. of a ir  dry weight.

Ammonia

For am m onia estim ation the solutions w ere prepared  from  fresh  m a
terial om itting  the  application of lithium  carbonate. Am m onia w as as
sayed by steam  distillation  and titra tion  [13, p. 890]. No am m onia was 
found, and the  direct testing w ith  Nessler reagent was also negative 
both in nephridia and  in  excreta.

Urea

The presence of urea was checked by Engel & Engel [10] m odifi
cation of the xanthydro l m ethod and  by chrom atography using p-dim e- 
thylam inobenzaldehyde [6] for locating the  spots. W ith ne ither m ethod
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th e  urea w as detected. This, however, does not exclude th e  presence of 
traces of urea.

Creatine and creatinine

These compounds w ere assayed w ith Ja ffe ’s reaction [13, p. 899 and 
903]. The resu lts for nephridia indicated th e  presence of creatine and 
creatin ine am ounting to  0.5% of to tal N, bu t th is figure can include also 
som e o ther chromo gens, as specificity of tn e  m ethod is not very  high. 
The sam e content was also found in  ex tracts from  excreta.

Am ino acids

Chrom atogram s w ere prepared  a fte r Leone & G uerritore  [17] and  
M arkham  & Sm ith [21]. The composition of the  solvents was the  sam e 
as for guanine and xan th ine  estim ation (see below). N ephridia from  
hibernating  and feeding snails as well as collected excreta were tested 
but in no case any  n inhydrin-positive spots w ere detected.

Proteins

In solutions p repared  from  nephridia of h ibernating snails sm all 
am ounts of protein  (from traces to  12 mg. per nephridium ) w ere d e 
tected. The protein was estim ated a fte r Low ry et al. [19] in na trium  
tungsta te  precipitate dissolved in NaOH. The results w ere calculated 
as N using the  standard  value of 16% for the  N content in proteins. 
The protein N averaged 2%  of to tal N, ranging betw een traces and  4%. 
D uring the  active period of snail’s life no protein was found in ex tracts 
from  nephridia. We in te rp re t th is d ifference as being due to  an artifact, 
a ttribu ting  the  protein content during  tn e  w in ter experim ents to  the  
excessive m echanical trea tm en t of the  nephridia, which was necessary 
to  liberate the  th ick ly  packed concrem ents of uric acid.

Allantoin

N either in nephridia nor in  excreta th e  presence of allantoin  was 
detected by paper chrom atography separation  and  by testing w ith  p-di- 
m ethylam inobenzaldehyde [11].

Uric acid

The assays w ere perform ed by the  colorim etric m ethod a fte r C ara
way [5]. The low specificity of this m ethod was no objection since it has 
been sta ted  th a t in ex tracts from  nephridia as well as those from  ex 
creta no phosphotungstic chromogens w ere left a fte r  decomposition of 
uric acid by uricase (prepared a fte r Leone [16]). In Table 2 are  presented 
the  resu lts  of uric acid estim ation expressed in  mg. per one nephrid ium
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T able 2

Purines in nephridium and excreta from nephridium in snail Helix pomatia
The values for uric acid were determined colorimetrically [5]; for guanine and xanthine they were 
recalculated from the Table 1. The values represent the quantity of purines in mg. per one nephridium

or per 100 mg. of excreta

Material Expt.
no.

Uiic acid Xanthine Guanine Sum of pu
rines

Nephridium
during hibernation 1 75.0 23.4 12.5 110.9

2 73.0 12.9 10.8 96.7
3 134.0 12.9 12.7 159.6

average 94.0 16.4 12.0 122.4

during the feeding period 4 18.0 22.0 9.1 49.1
5 15.0 23.6 11.4 50.0
6 33.5 22.8 7.8 64.1
7 23.5 9.7 7.8 41.0

average 22.5 19.5 9.1 51.1

Excreta
first after hibernation 8 65.4 34.2 0.0 99.6

during the feeding period 9 38.5 32.6 8.2 79.3
10 47.5 23.9 15.9 87.3
11 42.4 24.4 15.0 81.8

average
_______ ________

42.8
___________

26.9 12.9 82.7

or per 100 mg. of excreta, and  in Table 1 calculated  as mg. N or as 
percents of total nitrogen.

D uring hibernation the  nephrid ia contained on th e  average 94 mg. 
of uric acid representing  66%  of to ta l n itrogen. In feeding snails (April, 
May, and June) the average content of uric acid was only 22 mg., 
am ounting to 35% of total N.

D uring the sam e period the  content of uric acid in  excreta was esti
mated. It was found th a t th e  uric acid N con tribu ted  to  43% of the 
total N content in  excreta. In  one experim ent concerning th e  excreta 
of a single snail im m ediately after aw akening, th e  content of uric acid 
was h igher reaching the  level found in nephrid ia  of h ibernating  snails,
i.e. 64% of to tal N.

An assay was also m ade for the  presence of uric acid riboside which 
is known as a  component of ox ery throcytes and  has been found in this 
laboratory in  insects [14]. The solutions obtained from  nephridia and 
excreta of snails were subm itted  to paper chrom atography afte r Leone & 
G uerritore [17] but uric acid riboside w as not detected. Also the  am ount 
of uric acid was not augm ented w hen these solutions w ere  hydrolysed 
a t 100° [7].
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Guanine and xanthine

Needham  [22] reported  tha t in  nephrid ia and excreta of snails som e 
o ther purines besides uric acid a re  present. An a ttem pt was m ade to  
identify them  by m eans of chrom atography in  th e  following solvent 
system s: (1), bu tan-l-o l - form ic acid - w ater (77:13:10, by vol.) [21]; (2), 
60% solution of propan-l-ol in  w ater [17]; (3), propan-l-ol - w ater (3:1, 
v/v) [24]; (4), butan-l-o l - acetic acid - w ater 4:1:1, by vol.) for the  firs t 
run  and  acetone - bu tan-l-o l -  w ater (80:10:10, by vol.) [9] for the  second 
run  in the  sam e direction. The ascending one-dim ensional chrom ato
graphy on W hatm an no. 3 paper was used. The chrom atogram s w ere 
exam ined in u ltrav io let light w ith a 260 mu- filte r and  four spots w ere 
found. One of them  tested  w ith N ,2,6-triehlorobenzoquinoneim ine a fte r 
B erry et al. in  the  m odification of Forrest et al. [12] proved to  be u ric  
acid. Two o ther spots stained red  w ith the  reagen t of Reguera & Asi- 
mow [25]. This reaction  is characteristic for pu rine  bases and  the  R f of 
the spots, as com pared w ith th a t of uric acid, pointed to their iden tity

Fig. l Fig. 2

Fig. 1. T he a b so rp tio n  sp ec tra  o f th e  e lu a te  fro m  th e  spo t n e x t to  th a t  of u ric  acid,
D eta ils  see  M ethods. (--------- ), pH  2.5; (-------------), pH  9; (----------- ), pH  12

Fig. 2. T h e  ab so rp tio n  sp ec tra  o f th e  e lu a te  fro m  th e  spo t n e x t b u t one  to  th a t 
of u ric  ac id . D eta ils  see  M ethods. (--------- ), pH  2; (----------- ), pH  7; {--------- ), pH  9

with xan th ine  and  guanine. To identify  them , th e  absorption spectra 
of the  eluates w ere exam ined. For this purpose chrom atography in the  
solvent system  no. 3 was carried  out. In th is  system  uric acid moved 
as the  last one, and  so the  tails which always follow th is spot did not 
in terfere  with isolation of o ther compounds. The corresponding areas 
were cut out and  elu ted  in  successive experim ents w ith  0.01 n -HCI,
0.01 N-NaOH, and distilled  w ater. The pH during elution was kep t 
adjusted under control of a pH -m eter. The absorption of the  eluates
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was exam ined in  the Unicam spectrophotom eter in 1 cm. layer. The 
curves obtained in  th is exam ination w ere compared w ith  those 
published by Beaven et al. [3]. The absorption spectrum  of the  spot 
nex t to th a t of uric acid (Fig. 1) corresponded to xan th ine  whereas 
th a t of the  n ex t but one (Fig. 2), to guanine. Both these bases w ere 
detected  on each chrom atogram  derived  from  nephridia o r from 
excreta. The only  exception was th e  experim ent no. 8 w here guanine- 
has not been detected, but we don’t  feel justified  to a ttrib u te  significance 
to th is single result.

The fourth  spot, detected  in  chrom atogram s by UV exam ination, had 
the  highest R F value. It did not s ta in  w ith Reguera & Asimcw reagent, 
and  the pentose test a fte r  M ejbaum  [20] in  the  e luate  was also negative. 
The absorption spectrum  of th e  e lua te  is presented in Fig. 3. So* fa r

Fig. 3. The ab so rp tio n  sp ec tra  of the  
spot w ith  th e  h ighes t D eta ils  see
M ethods. (--------- ), pH  3; (-----------), pH  7;

f ), pH  14

the  spot rem ains unidentified  except th a t th e  presence of n itrogen in
this compound has been stated . This spot was alw ays found in chrom ato
gram s from  nephrid ia  and excreta of snails during the  period of 
activity, i t  was, however, absent du ring  hibernation.

The am ounts of guanine, x an th ine  and  th e  unidentified compound 
w ere determ ined  by the  estim ation of nitrogen. For th is purpose 5 ml. 
of the solution of nephrid ial content or of excreta was instilled  along 
one side of a  sheet of W hatm an no. 3 paper and  chrom atographed in 
solvent system  no. 3. The obtained bands w ere eluted w ith 0.1 n-KOH. 
The whole eluates a fte r being tested  spectrophotom etrieally  betw een 
210 and  300 т ц  w ere digested, and  N was estim ated a fte r  K jeldahl.

In nephrid ia of h ibernating  snails guanine-N  and xanthine-N  
contributed each over 10°/o of to ta l nitrogen, form ing together about 
25% of to tal N. This m eans th a t a ll purine  derivatives, including uric 
acid (66%), form  90% of to tal N content in  nephridia.

In nephrid ia of feeding snails th e  content of uric acid was greatly  
decreased due  to  its p referen tial elim ination in  excreta. Since th e
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decrease w as not so m arked  for o th er purines, th e ir percentage contribu
tion to to ta l N was alm ost doubled reaching 53%. Including the  uric 
acid N, w e obtained th e  figure  of 89% of to tal N for th e  th ree  purine 
derivatives. The above m entioned unidentified  UV absorbing compound 
represen ted  about 8%  of to ta l N.

The ratio  of guanine-N  to xanth ine-N  to uric acid-N in nephridia 
was 1:1.1:5.5 during hibernation, and  1:1.7:1.75 in  spring, as against 
1:1.7:2.4 in  excreta. The am ount of purine  derivatives in  excreta 
reflected  th e  composition of the  nephrid ial content except that uric 
acid w as elim inated in  preference to  both bases.

DISCUSSION

The presented data  ind icate  th a t  the  snail deposes the  w aste product 
o f protein  m etabolism  m ainly  in th e  form  of th ree  pu rine  derivatives 
nam ely guanine, xan th ine  and  uric acid, w hich m ake up 90% of total N 
in the  nephridial excreta. These findings are  s trik ing ly  a t variance with 
those presented by Needham  [22] and B aldw in [2]. Looking for 
a possible explanation of th is discrepancy we have checked carefully  
the references quoted by these authors. We have found th a t the  key 
position in alm ost all th e ir  quotations, and  those of m any o ther au thors 
as well, is held by the  figures taken  from a tab le  first published in the 
thesis of D elaunay [8]. D elaunay had investigated  nitrogen compounds 
of body fluids and tissue ex tracts of various invertebrata . In Helix  
pomatia he analysed the  w ater ex tract of nephridia p repared  in  such 
a way th a t about 80% of purine compounds m ust have rem ained 
unextracted. This is clearly  show n by th e  fact th a t his ex tract 
represented only 522 mg. N per 100 g. of nephridium  tissue of feeding 
snails, whereas ou r figures recalculated in the  sam e way as his, a tta in  
about 10 000 mg. W hen D elaunay’s figures a re  refe rred  to to ta l N values 
as established in o u r investigation, then  his evaluation of urea, am m onia 
and am ino acids w ould cover only 1% of to tal N. Such an  am ount 
could very  likely be overlooked in our analysis, concerned w ith the 
m ajor constituents and  therefore  carried out on sm all sam ples of 
m aterial. D elaunay him self was aw are of the  inadequacy of his 
extraction procedure and  'he referred  to his m aterial as “w ater soluble 
nitrogen substances**.

N otw ithstanding th is restric tion  he  overestim ated the ro le  of u rea and 
am m onia in  nephridial content, and this seems to  have influenced  his 
views about th e  excretion in snails. He assum ed that th e re  a re  two 
d ifferen t kinds of excreta in  this species i.e. solid ones consisting 
m ainly  of purine compounds, and  liquid ones containing m ainly 
am m onia and  urea. To collect the  la tte r he kept the  snails partia lly  
im m ersed in distilled  w ater and estim ated th e  nitrogen compounds
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accum ulating in  th is w ater. His figures for various substances in  th is 
series a re  expressed only in  percentages of to ta l nitrogen found. These 
results w ere regarded by D elaunay as representing  th e  chemical 
composition of th e  “liquid excretion”, bu t la te r they  w ere accepted by 
o th e r au tho rs as represen ting  snail excretion in  general. Actually, they  
probably rep resen t the  product of diffusion in to  hypotonical medium 
under qu ite  unphysiological conditions. In our cu ltu re  th e  snails had 
am ple opportun ity  to d ip  in  w a te r but we have never observed them  
to do so, o r to  void a liquid form  of excreta.

Our resu lts  leave little  doubt as to  th e  uricotelic character of the 
m etabolism  in the  snail. D elaunay in te rp re ted  his findings as a proof 
of ureo tely  operating in  th e  snail in the  period of feeding. He was also 
the  au tho r of the  suggestion th a t uric acid in  h ibernating snail could 
be derived  from  urea and tricarbonic acids according to  W iener’s 
hypothesis. D elaunay’s conclusion, accepted and popularized by Needham  
and Baldwin, im pressed heavily  fu rth e r research  in th is field for alm ost 
four decades. M any investigations have been undertaken  to  elucidate 
the  way of urea synthesis in snail and to check the  occurrence of uric 
acid synthesis a fte r  W iener’s schem e. Only in  1962 we have m et w ith 
th ree  papers stim ulated  by these erroneous views. One of them  
orig inated  in  our own laborato ry  and  aim ed a t th e  dem onstration of 
urea cycle enzym es in Helix pomatia  [23]. We have found orn ith ine 
transcarbam ylase and  very  active arginase, but it proved impossible to  
dem onstrate  th e  transition  from  citru lline  to  arginine, and we feel 
justified  to exclude th e  presence of the  full o rn ith ine  cycle in th is 
species. The second paper (Linton & Cam pbell [18]) reports on sim ilar 
investigation in  Otala lactea. The au thors have found an  enzym e 
sp litting  argininesuccinic acid but w ere also unable to dem onstrate the  
transition  from  citru lline  to arginine. Nevertheless, th e ir conclusion was 
th a t the  o rn ith ine  cycle is operating  in Gastropoda, and  they  hoped to 
prove it in  fu rth e r  research. The th ird  paper, published by B ricteux- 
-G regoire & Florkin [4] deals w ith  an  attem pt to  exam ine the  hypo
thetical transition  of u rea  to uric acid in  Helix pomatia, applying 
14C-labelled urea. The resu lt was qu ite  negative but a t the  sam e tim e 
it was dem onstrated  tha t the  label w as situa ted  in  Cg of uric acid. 
So far as we know th is is th e  first experim ental resu lt indicating tha t 
the synthesis of uric acid in  Helix pomatia  is following th e  sam e pa tte rn  
as in  birds, insects and  m icroorganism s.

It seems obvious th a t a ll th ree  quoted investigations w ere based on 
the erroneous in terp re ta tion  of D elaunay’s experim ents. It is to  be hoped 
th a t in  fu tu re  the  m isconception of ureotely in  G astropoda as well as 
that of W iener’s synthesis w ill vanish from  the  Com parative Bio
chem istry.

63
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In terp re ting  the  high content of guanine and xan th ine  in neph ri- 
dium and excreta we would like to  call the  atten tion  to th e ir very- 
d ifferen t solubility. At 20° the  solubility  per 100 ml. of w ater is
0.5 mg. for guanine, 50 mg. for xan th ine  and 2.5 mg. for uric acid [15]. 
D uring dorm ancy the  snail is compelled to sio re  considerable am ounts 
of uric acid which leads as well to  accum ulation of its next precursor, 
the  rela tively  w ater-soluble xanthine. It seems th a t this could affect 
the  osmotic equilibrium , and  th a t the  reversib le  am ination of a part 
of xan th ine  into poorly soluble guanine would act as a sort of buffer 
of th e  osmotic balance. Besides, guanine allows to  store 20% m ore of 
n itrogen per one purine  ring. This hypothesis is to some ex ten t 
supported by our finding th a t the  ra tio  of guanine to xan th ine  rises 
during hibernation and falls during  the  period of snail’s activity .

SUMMARY

In th e  snail Helix pomatia 90% of total nitrogen in the  content of 
nephridia and in  excreta consists of uric acid, xan th ine  and  guanine. 
D uring the feeding period the total N content in  the  nephridia is only 
50% of tha t in  h ibernating snails. This decrease is due to the  elim ina
tion of uric acid. Urea, am m onia and a llan to in  w ere not detected. The 
proportion of uric acid to  both purine bases is discussed regard ing  the ir 
d ifferen t solubility  and its bearing on osmotic pressure.

The causes of the  discrepancy betw een these findings and  those of 
o ther au thors a re  discussed and  explained.
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Z W IĄ Z K I A ZO TO W E W W Y D A LIN A CH  ŚL IM A K A  W IN N IC Z K A

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

W nefridium  ślim aka w inniczka (Helix pomatia) podczas hibernacji 
i żerowania 90% azotu ogólnego stanow ią guanina, ksan tyna i kwas 
meczowy. Ilość azotu ogólnego w nefridium  zmniejsza się podczas żero
wania do połowy w  porów naniu do okresu hibernacji, przy czym głów
nie spada ilość kw asu moczowego. Skład w ydalin jest zbliżony do składu 
zawartości nefrid ium . Zarówno w nefridium  jak i w w ydalinach nie 
stw ierdzono mocznika, am oniaku ani allantoiny. Porów nując rozpuszczal
ność stw ierdzonych u ślim aków puryn  rozważono możliwość regulacji 
ciśnienia osmotycznego przy pomocy ich wzajem nego stosunku ilościo
wego.

Przedyskutow ano i .wyjaśniono przyczyny rozbieżności pomiędzy uzy
skanymi wynikam i a danym i innych autorów.

R eceived 31 Ju ly  1962.
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THE ANABOLIC PATHWAY OF URACIL IN HIGHER PLANTS

In s titu te  o f B io ch em is try  and  B iophysics, P o lish  A c a d e m y  o f Sc iences, 
and  C en tra l C ollege o f A g ricu ltu re , W arszaw a

In  earlier studies we 'have reported  tha t p lan ts fed w ith  carbam yl- 
aspartic  acid [5, 6] and orotic acid [3, 4] respectively synthesize rapidly 
considerable quantities of uracil. Therefore we have ten ta tive ly  suggested 
th a t in  higher p lants uracil m ay be an  in term ediate  on the  path  of 
pyrim idine nucleotides biosynthesis from  carbam ylaspartic acid and 
from  orotic acid. This suggestion, however, has thus far not been 
experim entally  confirm ed and  therefore  an  a ttem pt has been m ade to 
obtain  some inform ation concerning the  possible ro le  of uracil in 
nucleotide synthesis. This was particu larly  in teresting  in view of recent 
experim ents by Barnes & N aylor [1], who have proved th e  existence 
of a very  active pathw ay of pyrim idine catabolism  in h igher plants.

MATERIALS AND METHODS

All reagents em ployed w ere obtained  from  commercial sources. 
[2-i4C]Uracil was a  sam ple from  The Radiochemical Centre, Am ersham , 
England.

The plan t m aterial used, consisted of excised 5 days old w heat blades 
(variety  Dańkowska 40). Uracil was in troduced into the  p lan t tissue as 
previously reported  [8], a  solution of [2-14C]uracil w ith specific activity  
of 30,000 counts/sec./ixmole having been used. In a ll cases samples 
of 2 g. of fresh  weight of excised w heat blades w ere employed.

In  the  first experim ent (Table 1) th re e  sam ples of p lan t m aterial 
w ere incubated with 2 ml. portions of 2 ш м  solution of [2-i4C]uracil and 
one was incubated w ith  d istilled  w ater, serving as a control sample. 
Feeding w ith  the  uracil solution was in te rrup ted  a fte r 30 min., 2 hr. 
and 4 hr., respectively. The ingestion of w ater in to  the  control sam ple 
was stopped a fte r 4 hr.

In  the  second experim ent (Table 2) the  quantities of uracil used 
w ere greatly  reduced. The p lan t m ateria l was incubated w ith 2 ml. 
portions of a 0.05 шм solution of [2-14C]uracil to which 10 ixmoles each 
of ATP, ADP and KH2PO 4, respectively, w ere added in order to

[67]http://rcin.org.pl
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U RACIL ANABOLISM  IN  PLA NTS 69

ascertain  a  possible influence of th e  various sources of phosphates upon 
the  anabolic reactions of uracil. All the  solutions w ere brought to  pH 6.0 
and  the  incubation of th e  samples w as stopped a fte r  6 hr.

The extraction, separation, identification and  the  quantita tive  
determ ination  of the  particu lar pyrim idine derivatives, as well as the 
m easurem ents of radioactiv ity  w ere perform ed as a lready  previously 
described [8 , 6].

RESULTS

Results presented in  Table 1 show  th a t under th e  experim ental 
conditions described, only  a sm all proportion of th e  uracil in take 
accum ulated in the  p lan t tissues. W ell over 80% of uracil underw ent 
rap id  catabolic and anabolic changes. A lready a fte r  30 min. of incuba
tion of the  w heat blades w ith  uracil, some m easurable radioactivity 
was detected in various pyrim idine derivatives, a lthough the  sum  total 
recovered in  a ll these compounds am ounted to  less than  0.5% of the  
uracil catabolised by th e  reductive pathw ay and by degradation to CO2. 
The highest radioactivity  was observed in uridine, less in the acid- 
-soluble fraction (5'-UMP and 5'-CMP) and still less in  pyrim idines of 
the  polynucleotides, 2'(3')-UMP and 2/(3')-CMP. No radioactiv ity  was 
detected in purines and  th e ir  derivatives a fte r hydrolysis of the acid- 
-insoluble fraction.

Prolongation of incubation of th e  tissue w ith uracil lead to very 
considerable increases in  specific activ ity  of th e  pyrim idine derivatives, 
w ith the  activ ity  of the  nucleotides growing faster th an  th a t of uridine.

The incorporation of labelled uracil into urid ine and the  pyrim idine 
nucleotides was not accom panied by any  increases of these compounds 
in the  plant tissue, as th e  quantities recovered w ere approxim ately  the 
same as in the control sample.

In the second experim ent (Table 2) despite a 40-fold d ilu tion of the  
uracil used, it was also possible to  detect m arked incorporation of the  
uracil label in to  u rid ine  and  pyrim idines of the  polynucleotides. 
However, th is tim e no radioactivity  was found in the  m ononucleotides 
of the  acid-soluble fraction  (No. 1, Table 2). The addition of ATP, ADP 
and inorganic phosphate, respectively, caused considerable stim ulation 
of the  incorporation of [2-14C] uracil into urid ine as well as into py ri
midines of the  polynucleotides (No. 2, 3, 4, Table 2). S im ilarly  as in the 
experim ents described in  Table 1, despite increases in  radioactivity, 
the  m olar concentration of th e  investigated  pyrim idine derivatives 
rem ained essentially unchanged.

DISCUSSION

The presented data  suggest th a t [2-14C]uracil w as incorporated in to  
uridine and the pyrim idine nucleotides already a fte r  30 min. of incuba
tion, w hereas the  purines and their derivatives rem ained  inactive. W hen

13]
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[5] URACIL ANABOLISM  IN  PLANTS 71

the  tim e of incubation was extended to 6 hr. (No. 1, Table 2) th e  specific 
activity  of urid ine was extrem ely high and  am ounted to  about half of the  
specific activ ity  of th e  uracil isolated from  th e  p lan t tissue. This would 
confirm  our previous suggestion th a t uracil m ay be an  in term edia te  
in the  biosynthesis of nucleotides in  higher p lan ts [3, 6 , 4].

Som ew hat sim ilar findings w ere reported  by King & W ang [7], 
Sebesta et al. [10], B onner & Zeevaart [2] using various pyrim idine 
analogues, as  well as by Tunis & Chargaff [11] who described the 
synthetic  ab ility  of th e  nucleoside phosphotransferase in  h igher plants. 
The anabolic m etabolism  of uracil in anim al tissues and  m icroorganism s 
has been repeated ly  reported. However, w ith  the exception of fast 
regenerating  tissue and cancerous growth, th e  incorporation of uracil 
into the  nucleotides was negligible and the in troduced uracil underw ent 
rapid degradation  [see: Schulm an, 9].

The specific activ ity  of th e  pyrim idine nucleotides was very  low 
in comparison w ith th e  specific activ ity  of the  uracil isolated from  the  
p lan t tissue and  therefore  it is not probable th a t th e  anabolism  of 
uracil constitutes the  only  source of pyrim idine nucleotide synthesis in  
higher plants.

On th e  o ther hand the  specific activ ity  of urid ine isolated from  the 
tissue was of the  sam e order as that of the  isolated uracil (No. 1, Table 2). 
This fact in conjunction w ith  the  previously reported  rap id  synthesis 
of urid ine in p lan ts fed  w ith carbam ylaspartic  acid [8 , 5, 6] and  orotic 
acid [3, 4] leads to the  assum ption th a t urid ine m ay play a m uch bigger 
part in th e  biosynthesis of nucleotides than  thus far reported . F u rth e r 
studies using labelled urid ine a re  indicated.

C ontrary  to our anticipations, w e have observed a m easurab le  
incorporation of the  label into pyrim idines of the  polynucleotide chain, 
w hereas the  pyrim idine m ononucleotides rem ained inactive (Table 2). 
These resu lts m ay sugest that 5'-UM P need not be an  in term ediate  in 
the  synthesis of the  polynucleotides from  uracil, particu la rly  in  view 
of the  fact th a t the  dilu tion of [2-14C]uracil in th e  m edium  caused an 
incom parably bigger drop in th e  specific activ ity  of 5'-UM P and  5'j CMP 
than  of 2'(3')-UM P and 2'(3')-CMP (com pare Tables 1 and 2). It is  not 
unlikely th a t in  the  anabolism  of uracil in  higher p lants som e enzym e 
system  m ay participate  which catalyses th e  synthesis of polynucleotides 
to the  exclusion of the m ononucleotide level.

The data presented  in Table 2 indicate th a t ATP, ADP and inorganic 
phosphates have a m arked  stim ulating  effect upon the  anabolic pathw ay 
of uracil m etabolism  in higher plants. As all the  th re e  sources of 
phosphate have show n sim ilar influence upon the  u tilisation  of uracil, 
it is concluded tha t the  adenine nucleotides act m erely  as phosphate 
donors for the  synthesis of the  polynucleotide chain. The stim u la ting
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effect of phosphate upon the synthesis of urid ine m ust be of some 
indirect n a tu re  and  fu rth e r resu lts  w ill be reported  later.

SUMMARY

1. Excised w heat blades were fed w ith [2-14C] uracil which was 
rapidly converted to  uridine.

2. W hen the w heat blades w ere incubated  w ith 2 шм of uracil, then 
radioactivity was found both in the  pyrim id ine m ononucleotides and 
pyrim idines of the  polynucleotides.

3. W hen the  concentration of uracil was 0.05 шм, radioactivity  was 
observed only in the  polynucleotides.

4. Inorganic phosphate s tim ulated  th e  incorporation of labelled 
uracil in to  urid ine and  polynucleotides.
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A N A BO LIZM  U RA C Y LU  W R O ŚL IN A C H  W Y ŻSZY CH

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

1. Dokarmiano odcięte źdźbła pszenicy [2-14C]uracylem  i stw ierdzono 
szybką przem ianę uracylu  do urydyny.

2. P rzy użyciu 2 т м  roztw oru uracylu  odnajdyw ano radioaktyw ność 
w m ononukleotydach pirym idynow ych i w pirym idynach polinukleoty- 
dów.

3. P rzy  użyciu 0.05 т м  roztw oru uracylu  radioaktyw ność stw ier
dzono tylko w polinukleotydach.

4. O rtofosforan stym ulow ał włączanie znakowanego uracylu  do 
urydyny i polinukleotydów.

R eceived  25 A ugust 1962.
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MICROBIOLOGICAL DETERMINATION OF DEOXYRIBONUCLEIC 
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The microbiological DNA assay, introduced by H off-Jorgensen in  1951 
[6 , 7] is based on the  fact th a t Thermobacterium acidophilum (Lacto
bacillus acidophilus) Orla Jensen s tra in  R 26 is unable to synthesize 
compounds containing deoxyriboside bonds. Such substances m ust 
therefore  be added to the  growth m edium . As th e  organism  cannot 
utilize DNA this m ust be hydrolysed before the assay. The m ethod has 
been used to study  the DNA synthesis in  embryos, and  in  the  bacterium  
itself (Hoff-Jorgensen & Zeuthen [8], H off-Jorgensen [7], Lovtrup 
[11, 12], Gregg & Lovtrup [3, 4, 5], G rant [2], Okazaki & Okazaki [20], 
Burns [1]). It has likewise been used for determ ination  of DNA 
precursors (Schneider et al. [26, 27], Okazaki et al. [21]).

H off-Jorgensen found that for preparations of thym us DNA as well 
as for DNA in various ra t  tissues digestion w ith pancreatic DNase gave 
m icrobiologically satisfactory  resu lts  w hen com pared w ith estim ations 
of tissue DNA according to Schm idt-Thannhauser. O ther authors, like 
ourselves, have found tha t by this trea tm en t only a part of the  nucleic 
acid in a biological sam ple becomes active in th e  m icrobiological test 
(G rant [2], Siedler & Schweigert [29]). If thym idine o r any other 
deoxynucleoside is used as standard , too low DNA values a re  obtained.

It is now known that the  grow th-prom oting effect of various low- 
-m olecular deoxyriboside compounds varies considerably for Th. acido
philum  (Siedler, N ayder & Schweigert [28], Schneider & P o tte r [26], 
Schneider & Rotherham  [27], L ovtrup & Roos [15], L ovtrup & Shugar 
[19]). Thus the  polyphosphates of various nucleosides, as well as m any 
di- and  trinucleotides, a re  ra th e r ineffective, w hereas certain  dinucleo
tides a re  well utilized. The m icrobiological activ ity  per m ole varies 
even for such sim ple compounds as nucleosides and  nucleotides. This 
phenom enon affords a reasonable explanation of the  irregu lar and often 
low values obtained w hen biological sam ples a re  digested solely with 
pancreatic DNase, since Kunitz [10], P riva t de  G arilhe & Laskowski [22],
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and Vanecko & Laskowski [30] have show n th a t this trea tm ent m ainly 
results in  the  form ation of various oligo-, tri-, and  dinucleotides. F u rth e r 
degradation is therefore  required. As th e  highest microbiological activity 
is obtained w ith  deoxyribosides (Siedler et al. [28]) the  ideal degradation 
m ust reach th is level. F u rth e r hydrolysis will lead to losses in deoxy- 
riboside bonds, and  thus to decreased m icrobiological activity .

In a recently  published paper it was show n by W illiams, Sung 
& Laskowski [31] that a purified  fraction of snake venom m ay degrade 
high-polym eric calf thym us DNA to  free  nucleotides. W hen crude snake 
venom is used, th e  presence of 5-nucleotidase activity, and thus the  
form ation of nucleosides, m ay be expected (Schmidt [23]).

The efficiency of th e  enzymes m ay vary  w ith th e  type  of DNA, but 
it nevertheless seems probable tha t the  combined enzyme trea tm ent 
or in  certain  cases trea tm en t w ith snake venom alone, is the  safest w ay 
to achieve a m ore or less com plete degradation  of DNA to deoxyribosi
des. As these possess varying m icrobiological activ ity  it is im portan t 
to use an  equim olar m ix tu re  of deoxyribosides for th e  standard  curve 
(Lovtrup & Roos [15]).

The m ain part of this paper presents th e  resu lts  of a search for 
optim al conditions for digestion of DNA sam ples to be analysed m icro- 
biologically. Besides, some o ther m odifications w hich have been in tro
duced in  the  original H off-Jorgensen technique a re  also described.

A part from  the ra re  occurrence of capricious behaviour, which is 
unavoidable in m icrobiological assays, the  m ethod now w orks in  our 
laboratory as a reliable analytical tool. We therefore  feel th a t i t  m ay 
be w arran ted  in brief ou tline  to describe our present technique.

EXPERIMENTAL

Analytical procedure

Cleaning of glassware. Careful cleaning of glassw are is a p rere 
quisite for successful work. D etergents a re  potent inhibitors of the  DNase 
activity and therefore  should be avoided. We place tubes and  pipettes 
in chromic acid overnight, o ther glassw are is placed in a bath  of equal 
volumes of 96% alcohol and  concentrated HC1. Subsequently  we rin se  
m any tim es w ith  w ater, ending w ith red istilled  w ater.

Preparation of double strength basal m edium  (DBM). C hem icals o f  
h igh est p u rity  are em ployed . T he fo llo w in g  stock  so lu tion s a re  prepared. 
Am ino acids: 2.0 g. L -glutam ic acid, 1.5 g. d l -a lan in e, 1.0 g. L -aspartic  
acid, 0.4 g. L -arginine and  L-leucine, and 0.2 g. each o f  L -cystein e HC1, 
g lyc in e , L-histidine HC1 H«jO, L-isoleucine, L -m ethionine, L -phenylalan ine, 
l  proline, L-serine, l-th r e o n in e , L-tryptophan, L -tyrosine, and L -valine, 
d isso lv ed  in  w ater  to 1 liter. T he so lu tio n  is stored  frozen  in  250 m l.
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portions in  polyethylene bottles. Vitamins: 2 mg. riboflavin, 2 mg. folic 
acid, 10 mg. pyridoxin HC1, 10 mg. nicotinic acid, 10 mg. calcium 
pan to thenate  to  50 ml. The folic acid is first dissolved in 2 ml. 1 N-NaOH, 
30 - 40 ml. w a te r is added, the  solution neutralized, and th e  o ther v ita
m ins added before the  volum e is m ade up to 50 ml. (Lovtrup & Roos [13]). 
Salts:  4 g. M gS04 -7H20 , 0.8 g. M nS 0 4 -4H20 , 0.3 g. F eS 0 4(NH4)2S 0 4 •
• 6H20  are  dissolved in w ater, adjusted  to  about pH 1 w ith HC1 and w ater 

added to 100 ml. Tw een 80: 10% solution. Thioglycollic  acid: 10% solu
tion. New solution is m ade every  th ird  m onth. The th ree  la tte r stock 
solutions a re  kept in  th e  refrigerato r.

For one lite r of DBM, 2.5 g. K2H P 0 4, 2.5 g. KH2iP04, 25 g. potassium  
aceta te  and  30 g. glucose a re  dissolved in  about 500 ml. of w ater. 
To this is added 250 ml. of the  am ino acid solution, 12.5 ml. sa lt solution, 
10 ml. Tween solution, and  a freshly  prepared solution containing 20 mg. 
adenine, 20 mg. guanine, 40 mg. uracil and  50 mg. cytidylic acid in 10 ml. 
1 n-H CI. A denine and cytidylic acid are  not necessary for growth, bu t 
m ay have a  sligh tly  enhancing effect. The pH of the  m ix tu re  is adjusted  
to about pH 6.9 w ith 2 N-NaOH, 10 ml. thioglycollic acid and 4 ml. 
fresh ly  prepared  vitam in solution a re  added, pH read justed  to 6.9 and 
the  volum e m ade up to 1 liter. The DBM is kept frozen in  polyethylene 
bottles in appropria te  quan tities (e.g. 50 and  100 ml.) and m ay be stored 
for a t least one m onth. For fu rth e r details about th e  DBM, see Lovtrup 
& Roos [14].

Deoxynucleoside standard. 25 м-moles thym idine, deoxycytidine, 
deoxyadenosine, and deoxyguanosine a re  dissolved in 100 ml. 25% 
ethanol (total concentration 1 шм). The stock solution is kept in the 
re frigera to r (Lovtrup & Roos [15]).

Milk tubes for the stock culture. Skim  milk is enriched w ith 0.5% 
Difco yeast ex tract and 0.1% l-c y s te in e  HC1, and  a fte r  adjusting pH 
to 6.7, d istribu ted  in 3 ml. portions in  Pyrex  tubes (10X100 mm.) 
containing about 0.2 g. СаСОз. The tubes are  stoppered w ith cotton 
plugs and  autoclaved for 10 m in. at 120° in a pressure cooker and 
sto red  a t 4° (H off-Jorgensen [6]).

Inoculum tubes. To 50 ml. DBM is added 1 ml. deoxynucleoiside stock 
solution and the  volum e m ade up to 100 ml. The solution is d istribu ted  
in 5 ml. portions in  tubes (14 X I 20 mm.) witlą cotton plugs, autoclaved 
for 6 m in. in a pressure cooker and  stored  a t -20°.

Buffer. Imidazole buffer (0.1 m), pH 7.0, m ade up w ith  M gS04 
(0.01 M) is used.

Preparation of standard curves. The deoxynucleoside stock solution 
is diluted 250 tim es w ith  10 tim es d ilu ted  im idazole buffer. Of this 
solution 1.00, 0.75, 0.50, 0.25, 0.10, and 0 ml. is p ipetted  into P y rex  tubes 
(8 X 100 mm.), and the volum e m ade up to lm l .  w ith  diluted buffer. 
All pipettings a re  done w ith  C arlsberg  constriction pipettes. For each
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nucleoside concentration tw o tubes a re  used. To each tube 1 ml. DBM 
is added w ith a syringe pipette.

Preparation and digestion of biological samples. The sam ple is homo
genized, and m ay be used d irectly  or stored for la ter analysis. In the 
la tte r case it m ust be dried, w ith acetone or in vacuo, since losses occur 
otherw ise. We do not know for how long tim e th e  dried  sam ples m ay 
be stored, but it seems th a t a decrease m ay occur a fte r  some m onths of 
storage. W hen the  analysis is to be made, NaOH is added to give a final 
concentration of 0.5 n ,  and the sam ple placed in boiling w ater for 15 min. 
A fter neutralization w ith HC1, buffer is added to  a known volume. 
The DNA content before enzym e addition should be in  the  range of 
1 - 2 0  ug. per ml. and therefo re  the  am ount of buffer m ust be suitably  
adjusted . At least two volum es of buffer m ust be added. As w ill be 
described in the sequel, it is necessary to investigate optim um  conditions 
for digestion when a new  type  of tissue DNA is to  be determ ined.

As a general ru le  we have found optim um  digestion of DNA by the 
following procedure. To four parts of the sam ple trea ted  as described 
above is added 1 part of DNase solution (W orthington Biochemical 
Corporation, Freehold, N.J., U.S.A., 1 mg. per ml. buffer) and the 
m ixture  incubated at 37° for 3 hr. Subsequently  the  enzym e is inacti
vated by heating for some m inutes at 90° (Kunitz [9]) and 0.25 volum e 
of crude snake venom solution (Crotalus atrox, Ross A llen’s Reptile 
Institu te, Silver Springs, Fla., U.S.A., 0.5 mg. per ml. buffer) is added, 
and the  sam ple incubated for another 3 hr. The digestion is in te rrup ted  
by heating as above, and the  tubes a re  centrifuged. By dilu tion  with 
w ater two d ifferen t concentrations of the  digested sam ple are prepared 
from  the  supernatan t. One ml. samples are  added to  tubes sim ilar to 
those used for the  standard  curve. Three tubes a re  used for each dilu
tion. A fter addition of DBM the  tubes (samples and standards) are 
covered w ith loosely fitting  glass capsules, and autoclaved in a pressure 
cooker for 6 min. It is im portan t for the  reliab ility  and reproducibility 
of the m ethod tha t the  tw o dilu tions a re  ad justed  to lie w ith in  the  range 
0.1 - 1 mg. DNA.

Microbiological technique. The incubation tim e is 22 hr. The stock 
cu lture is preserved by w eekly transfers to new  m ilk tubes. The inocu
lum  is alw ays prepared from  fresh  m ilk tubes, which are  made du ring  
the  week according to dem and. A fter incubation the bacteria in the  ino
culum  are  centrifuged down, and resuspended in 10 ml. sterile  0.65% 
NaCl solution. The tubes containing the s tandard  and th e  unknow n 
sam ples are inoculated from  the sam e freshy  p repared  inoculum, by 
adding one drop of suspension to each tube (sterile pipette).

Estimation of the growth response. The bacterial grow th is d e te r
m ined turb id im etrically  in sem im icrocuvettes a t 650 т ц .  The tubes a re  
vigorously shaken before tran sfe r to the cuvettes (H off-Jorgensen [6]).
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The grow th m ay also be estim ated by titra tio n  of the lactic acid form a
tion, but the  deoxynucleoside concentration m ay under these conditions 
be decreased 10 times, and  the  sensitiv ity  of th e  DNA determ ination 
is thus increased correspondingly. Estim ating deoxynucleosides the  in 
cubation volum e m ay be decreased 1 0 - 2 0  times, which fu rth e r increases 
the  sensitiv ity  (Lovtrup & Roos [16]). So- far we have not been ab le  to 
achieve a successful digestion of DNA in th is decreased volume.

Calculation of D N A content in a biological sample. The DNA values 
of the  diluted sam ples are  read  from  the standard  curve. Assum ing tha t 
1 ixmole deoxyriboside is equivalent to 309 м-g. DNA, the  highest point 
on the  curve corresponds to  1.24 ц-g. DNA per ml. of the  d ilu ted  digested 
sam ple (turbidim etric  determ ination). Occasionally the  m ean values of 
the  two d ilu tions deviate by m ore than  10%. W hen this happens, we 
rou tine ly  repeat the  analysis. If the  highest dilution system atically  gives 
too low values, there  is reason to  suspect th a t the  digestion is incom 
plete (cf. below).

Observations on some of the steps in the analytical procedure

Choice of buffer.  The pH optim um  for pancreatic DNase is 7.0. T he 
maleic acid orig inally  used has a pK a value  of 6.07, and therefore  at 
pH 7.0 it hard ly  has any buffer capacity. (It m ay be m entioned th a t 
an erroneous pK a value of 6.58 is listed in  som e tables, e.g. Handbook 
of C hem istry and  Physics, 29th ed.). An increase in  th e  m aleic acid 
concentration m ight increase the  buffer capacity, but causes a t the  sam e 
tim e inhibition of the  enzym e activity. A phosphate buffer of pH 7.0 
m ust for the  sam e reason be d ilu ted  so m uch th a t the  buffer capacity 
is unsatisfactory. Imidazole (pKa 6.95) has m axim um  buffer capacity 
at the  righ t pH, and m ay fu rtherm ore  be used in ra th e r high concen
tra tion  (0.1 m) w ithout influencing the  enzym e activity . A fter d ilution 
of the neutralized DNA sam ple w ith the buffer- and  enzym e-solutions, 
the  Mg2+ concentration is optim al for DNase activity, and at th e  sam e 
tim e the  content of NaCl reaches a non-inhib itory  concentration (Ku- 
nitz [9]). The digestion procedure also secures acceptable conditions for 
the snake venom  activity  (W illiam s et al. [31]). The la tte r  seem s not to 
be inh ib ited  by imidazole.

Effect of the treatment w ith  NaOH. The nucleic acid is ex tracted  
with hot NaOH. We have m ade som e experim ents to study  the  effect 
of th is trea tm en t on DNA preparations. The subsequent digestion w ith 
DNase seem s in some cases to proceed som ew hat slower, w hereas the  
snake venom  effect is sligh tly  enhanced. Since this step  cannot be 
om itted, it is im portan t to  note th a t the  y ield  in no case was influenced.

Enzym ic digestion of high-polymeric DNA. V arious comm ercial p re 
parations of salm on sperm  and calf thym us DNA have been employed.
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T able 1

The effect o f pancreatic DNase, crude snake venom and alkaline phosphatase on the 
digestion o f salmon sperm DNA, as measured by the microbiological method

The results are expressed as percentage yield, calculated on the basis of the P content

Treatment
Incubation time (hr.)

1 3 6 23

j  DNase 41 70 72
'

94
' Crude snake venom 95 95 92 95

Alkaline phosphatase 80 100 95 93
j DNase and snake venom simultaneously 103 103 108 108

DNase and phosphatase simultaneously 93 88 90 90
1 DNase digestion followed by snake venom cn 

phosphatase:
DNase 1 hr., snake venom 90 100 93 105
DNase 1 hr., phosphatase 113 103 82 74
DNase 3 hr., snake venom 106 106 95 98
DNase 3 hr., phosphatase 108 104 100 80
DNase 6 hi., snake venom 103 103 98 90
DNase 6 hr., phosphatase 110 100 87 82
DNase 23 hr., snake venom 103 95 96 100
DNase 23 hr., phosphatase 108 105 93 90

The DNA content w as calculated from the  P content, corrected for RNA, 
w hen present. From  Table 1 it appears tha t digestion w ith pancreatic 
DNase gives a ra th e r  satisfactory  decomposition of a salm on sperm  DNA 
preparation, w hen m easured by the microbiological m ethod. In spite of 
notable differences in  the  experim ental conditions we have thus partly  
been able to  confirm  the  resu lts  of H off-Jorgensen. However, calf thy 
m us DNA gave a t most 75% yield w hen digested in  the  sam e way.

The good yield w ith salm on sperm  DNA is theoretically  ra th e r  asto
nishing, since, as m entioned above, the  trea tm en t w ith DNase does not 
lead to complete digestion, but to compounds, m any of which have 
a ra th e r  low microbiological activity . In  th is context m ay be m entioned 
the  experim ental observations of Okazaki & Okazaki [20], who found 
that a fte r  addition of a deoxynucleoside to  a bacterial perchloric acid 
extract, its  m icrobiological activ ity  m ight be increased up to 10 times. 
The resu lting  activ ity  corresponded to about 60% of the  activ ity  found 
afte r digestion of the  ex trac t w ith snake venom. This finding dem on
stra tes th a t the  presence of a low m olecular deoxyribose com pound en
ables the  bacteria to utilize m ore complex deoxyribose compounds, and 
m ay thus explain the  finding reported  above. The utilization of deoxy
ribose compounds by the  bacteria is apparen tly  a ccm plicated question, 
depending probably on m any d ifferen t factors (Siedler & Schw eigert

[6 ]
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T a b le  2

The effect o f DNase and crude snake venom on the digestion o f DNA in rat brain 
powder, as measured by the microbiological method

The yields are expressed as percentages of the results obtained by the chemical method

Treatment

i

Incubation time (hr.)

1 3 6 23

No enzyme 15 12 18 23
DNase 40 47 54 73
Crude snake venom 78 100 99 98
DNase and crude snake venom simultaneousl> 
DNase digestion followed by snake venom:

87 98 107 124

DNase 1 hr. 95 105 103 107
DNase 3 hr. 98 103 103 103
DNase 6 hr. 96 104 100 112
DNase 23 hr. 99 96 96 104

[29]). In o rder to m inim ize the  sources of error it is  im portan t th a t the  
digestion should be as com plete as possible.

C ontrary  to DNase, snake venom  and alkaline phosphatase alone, or 
in com bination w ith DNase, give a m icrobiologically acceptable depoly
m erization a fte r  a ra th e r  sho rt incubation (Table 1). If D N ase-treated 
DNA is subjected  to  trea tm en t w ith snake  venom or alkaline phospha
tase, the  incubation tim e m ay be varied  w ithin ra th e r  wide limits, but 
prolonged incubation w ith  a lkaline phosphatase resu lts  in  a gradually  
decreasing microbiological activity. This is probably due  to sp litting  of 
deoxyriboside bonds, and we have therefore  refrained  from  fu rth e r use 
of this enzym e preparation.

Enzymic digestion of tissue DNA. It is a prerequisite  for estim ating 
the efficiency of various procedures fo r transform ing DNA to a m icro
biologically active form  th a t the  DNA content m ay be determ ined by 
a reliable, independent m ethcd. O ur w ork has been ham pered for se
veral years by the  fact th a t the  available chem ical m ethods under certain  
circum stances are  ra th e r  unsatisfactory. We have therefo re  been forced 
to study  even th is question and as a resu lt of this w e have developed 
a chemical m ethcd for DNA determ ination  (Lovtrup & Roos [17, 18] *). 
Using this as a reference we have estim ated the  yield obtained w ith 
the  microbiological m ethod.
I In Table 2 a re  shown the  resu lts  of DNase and  snake venom  tre a t
m ent of ra t b rain  powder. P rolonged trea tm en t w ith DNa.se alone gives 
an unsatisfactory  yield. Snake venom  alone, o r in com bination w ith
A---------------------.
j * F o r re v ie w  see A c ta  B ioch im . P olon. 9, 411, 1962.
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DNase gives a fte r a  rela tively  sho rt tim e a 100% m icrobiological res
ponse. It appears from  the  Table th a t the  digestion tim e under these con
ditions m ay be varied  w ith in  w ide limits. By prolonged trea tm en t a m i
crobiological activ ity  exceeding 100% is som etim es observed. This excess, 
which has been found in  several cases, m ay often be too large to be 
accounted for by the  analytical error.

We do not know the  correct explanation of th is phenomenon. How
ever, as we do not work w ith s te rile  digestion m ixtures, the  possibility 
of an  infection during  th e  digestion cannot be excluded. A nother, less 
likely, explanation is th a t certain  digestion products m ay be m ore active, 
on a  m olar basis, th an  th e  free  deoxynucleosides. If the  form er expla
nation is correct, s te rile  work should cancel this source of error. This 
m ay be ra th e r  tedious and  difficult to achieve, bu t since a lag phase 
of a t least 5 - 6  hr. is to  be expected, the  sim plest way to avoid such 
excess resu lts  appears to  be the use of short digestion tim es.

In  Table 3 a re  listed the  resu lts  of DNase and  snake venom tre a t
m ent of DNA in  some o ther organs. Only calf thym us DNA is satisfac
torily  digested by DNase alone. Rabbit kidney DNA also seem s to be 
ra th e r easy to' digest, w hereas DNA in ra t liver and heart, and  in rabb it 
brain appears to  be qu ite  resistan t to> DNase. A certain  parallelism  seem s 
to exist betw een th e  ease w ith which DNA is ex tracted  w ith hot p e r
chloric acid and digested w ith DNase (cf. L ovtrup & Roos [17]).

A comparison betw een Tables 1 and 3 indicates th a t nothing can  be 
in ferred  about the  efficiency of DNase tow ards tissue DNA from resu lts

T a b le  3

Digestion with DNase and crude snake venom of DNA in various kinds o f tissue powder 
The yields are expressed as percentages of the results obtained by the chemical method

Source of DNA

DNase Crude snake 
venom

DNase and 
crude snake 

venom simu
ltaneously

DNase follo
wed by crude 
snake venom

Incubation time (hr.)

3 23 3 6 3 6 3 +  3

Rat liver 19 60 108 93 93 96 105
R at kidney 95
Rat heart 25 55 68 87 81 81 97
Rabbit liver 25 75 67 86 79 79 108
Rabbit kidney 36 82 86 105 99 121 102
Rabbit heart 25 69 64 99 75 103 106
Rabbit brain 30 55 95 85 93 99 97
Calf thymus 95 102
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obtained by trea tm en t of purified DNA preparations. N either does re 
covery of DNA added to  tissue sam ples furn ish  any proof of th e  validity  
of th e  digestion procedure as regards the  DNA contained in  th e  tissue 
sam ple.

Digestion w ith  snake venom is considerably m ore efficient, but cer
tain  types of tissue DNA, e.g., from ra t  heart and rabb it liver, a re  not 
satisfactorily  digested by th is enzyme preparation alone. Sim ultaneous 
trea tm en t w ith both enzym es gives in principle the  sam e resu lt as tre a t
m ent w ith  snake venom  alone.

As appears from  Table 3, th e  m ost satisfactory  resu lts a re  obtained 
w hen a 3-hr. DNase digestion is followed by a  3-hr. trea tm ent w ith 
snake venom. The resu lts thus obtained agree w ith those of the  chemical 
m ethod w ithin  the  lim its of erro r of the  methods.

A lthough this enzym e trea tm en t m ay be considered a standard  pro
cedure, it is nevertheless advisable to  check the  efficiency of th e  enzy
mic digestion for every type of biological m aterial. W ith respect to this 
point, it  m ay be m entioned th a t on some occasions we have obtained too 
low resu lts  for ra t liver DNA, when the  s tandard  digestion procedure 
was followed. This DNA seems to be the  most difficult to digest, and  we 
believe th a t the  occasionally observed failu re  m ay be due  to variations 
in the  activ ity  of th e  DNase preparations. In these  cases prolongation 
of th e  digestion with th is enzym e has led to satisfactory  results.

E nzym e concentration. In the  procedure recom m ended by us the  final 
enzym e concentration is 0.2 mg. DNase and  0.1 mg. snake venom per ml. 
of the  digestion m ixture. By using such high enzym e concentrations 
we follow the  original suggestion of H off-Jorgensen. In some instances 
optim al digestion of biological samples m ay be achieved w ith lower con
centrations of enzyme. However, as m entioned above, certain types of 
DNA are  very  difficult to digest, and therefore  the  quantities added 
m ay w arran t a necessary m argin of safety. Due to the  alm ost complete 
digestion by snake venom in  m any cases, it is difficult to- ascertain  the  
effect of decreased addition of DNase. A nother reason for using ra th e r 
high concentrations of this enzym e is tha t it is considerably m ore stable 
in concentrated  solution (Kunitz [9]).

The quantities of enzym e added a re  so sm all com pared with the  
am ounts of nu tritive  m ateria l in  the  DBM th a t they hard ly  can be of 
influence on the analytical results, unless they  a re  contam inated w ith 
DNA. This point has been investigated by incubating enzym e solutions 
in the  usual way, and adding them  in  a final d ilu tion of 1:5 - 1:25 to 
standard  sam ples. No effect could then be observed.

The effect  of  dilution after digestion on the yield. In o u r early  work, 
in which m aleic acid buffer was used, we observed tha t th e  yield was 
dependent upon the degree of dilution after digestion. W hen only DNase 
was used for digestion, and dilutions of 5, 10, and 20 tim es w ere em
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ployed, the  agreem ent betw een the  resu lts  w ere  often found to  be poor, 
the yield tending to  decrease as the  d ilu tion  was increased. F u rth e r 
d ilution resu lted  in still lower yields. We also found that the  concentra
tion of maleic acid was of decisive influence on the  yield when the 
sam ples w ere greatly  d ilu ted  a fte r digestion. U nder these circum stances 
better resu lts  w ere obtained w hen th e  buffer concentration was low, 
indicating a certain inhibitory  effect of m aleic acid on the  DNase acti
vity. The previously m entioned influence of sim ple deoxyribose com
pounds on the  utilization of m ere com plex digestion products m ay ex
plain  this phenomenon. It is likely th a t the  am ount of th e  form er is 
decreased below a certain  freehold value w hen either the  enzym e is 
inhibited  by maleic acid, o r the  digestion m ix tu re  is diluted excessively.

W hen both DNase and snake venom  a re  used for digestion, and m a
leic acid is replaced by imidazole, it is  possible in  m any cases to  dilute 
the  digestion m ix tu re  considerably w ithout observing an y  deleterious 
influence on the yield (Fig. 1). It is seen from  th e  figure th a t one may 
dilu te the  digestion m ix tu re  of high-polym eric DNA and  calf thym us 
DNA 200 tim es w ithout influencing the  yield. In contrast to  this the  
microbiological yield is considerably reduced a t high dilutions of rabbit 
b rain  and rat liver DNA. This observation m ay presum ably  be corre
lated  w ith the  fact tha t these types of DNA a re  difficult to digest. As

Fig . 1. T he in f lu en ce  o f d ilu tio n  a f te r  d ig es tio n  w ith  D N ase  an d  s n a k e  venom , on 
th e  m icrob io log ica l y ield . T h e  y ie lds hav e  been ex p ressed  re la tiv e  to th a t  o b ta in ed  
a t  10-fold d ilu tio n . (# ), S alm on sp e rm  D N A ; (д ), calf th y m u s  p o w d er; (q ), ra b b it  

k id n ey  p o w d er; (□), r a b b it  b ra in  p o w d er; (a ), r a t  liv e r p o w d er

a general ru le  it m ay therefore  be recom m ended never to d ilu te  the 
digestion m ix tu re  m ore than  20 times, unless it has been ascertained 
experim entally  tha t th is can be done w ithout influencing th e  m icrobio
logical resu lt.
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The in fluence of the digestion buf fer  on the yield. As  previously- 
show n (Lovtrup & Roos [14]), the  bacterial grow th is to a large degree 
dependent on th e  buffer capacity of the  medium. W hen digested sam p
les a re  analysed, the  buffer capacity is increased by the addition of the  
digestion m ix ture . It is therefore  im portan t tha t the  standard  curves 
are  p repared  in  such a w ay that the  buffer capacity is th e  sam e as in 
the  tubes containing the  digested sam ples. If the  biological sam ple is 
d ilu ted  betw een 5 and 20 tim es it suffices to- dissolve the  deoxyribosides 
in 10 tim es d ilu ted  buffer, since a change in  buffer concentration by 
a factor of 2 has been found to be of very  slight influence on the 
standard  curve.

The error of the method. To evaluate  the  error of the m ethod the  
following experim ent was carried out. Salmon sperm  DNA, rabb it liver 
and ra t liver pow der w ere treated  w ith NaOH, and  from  each prepa
ration 10 sam ples w ere separately  digested, and assayed after 5, 10, and 
20 tim es dilu tion. The standard  deviation betw een and w ithin the 10 
digestion sam ples was calculated. The resu lts a re  reported  in  Table 4. 
C ontrary  to expectation, m aybe, the  standard  deviation w ithin samples 
tends to be larger than  the  one betw een sam ples. This phenom enon is 
to some ex ten t caused by the d ilution effect described above, as shown 
by the  fact th a t the  standard  deviation for each series of the  sam e d ilu 
tion (not shown in the Table) is  sm aller than  the  s tandard  deviation

T ab le  4

The error o f the method 
The standard deviation is expressed as percentage of the mean value

Standard deviation

within samples between samples

Salmon sperm DNA 2.6 1.9
Rabbit liver powder 2.9 3.1
R at liver powder 4.8 3.1

w ithin sam ples. In  agreem ent w ith this in terp re ta tion  is also th e  fact 
th a t the  largest value is found fo r ra t  liver powder. It is seen tha t as 
a general ru le  the  e rro r increases as th e  DNA becomes m ore difficult 
to digest.

CONCLUSION

Several of th e  existing m ethods for DNA determ ination give quite 
diverging resu lts . This is obviously a serious draw back in the  study  of 
biological processes involving DNA, and  none the  least in  th e  work on 
developm ent of new  m ethods for DNA analysis.

83
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Under such conditions the  introduction, by H off-Jorgensen, of a m i
crobiological method, m ust obviously be considered an  im portan t achie
vem ent. The principle of th is DNA assay is determ ination  of th e  am ount 
of deoxyriboise nucleoside bonds present. It m ay a priori be expected 
tha t it  is m ore specific than  m ost o ther m ethods. It should therefore 
be of particu lar advantage in  w ork w ith biological m aterial in which 
the concentration of DNA is so low th a t th e  in terference from  other 
substances m ay invalidate the  results. On th e  whole th is expectation 
has been met, although th e  in terference by ribonucleotides probably, 
under certain  circum stances, m ay be significant. A nother advantage is 
that the  m ethod is very  sensitive. In our titrim etrie  m odification 0.02 м-g. 
DNA m ay be determ ined.

These a re  the  reasons justify ing our a ttem pts to combat som e of the 
caprices of the  original m ethcd. The greatest d ifficu lty  consisted in get
ting m ore or less com plete 'digestion of DNA.

We have been ab le  to show th a t the re la tive  erro r of the  m ethod as 
m odified by us is of th e  sam e order as th a t of o ther microbiological 
assays. The question about the absolute accuracy m ay not be defin itely  
settled, but the  very  good agreem ent observed w ith our chemical m ethod 
is encouraging.

We gratefully  acknowledge the  technical assistance and co-operation 
of Mrs. Ewa Johansson. The work was supported  by grants from  the 
Swedish Cancer Society (S.L.), and from the  Medical Faculty, U niversity 
of Goteborg (K.R.).

SUMMARY

The resistance of various types of DNA tow ards enzymic degradation is 
highly varying. This fact m ay explain w hy th e  yield w ith  the  original 
m ethod for DNA determ ination  as developed by H off-Jorgensen varies 
w ith the  source of DNA. A num ber of m odifications have been necessary 
to  achieve a yield close to 100°/o. The present paper contains a report 
on experim ents designed to establish optim al conditions for degradation 
of DNA. A complete description of the  final procedure adopted is also 
included. If the  grow th of the  bacteria is determ ined turbidim etrically , 
0.2 ing. DNA m ay be estim ated. If lactic acid form ation is m easured, the 
sensitivity  is increased 10 tim es (0.02 i+g. DNA).
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M IK R O B IO L O G IC ZN E  O ZN A C ZA N IE K W A SU  D EO K SY R Y B O N U K LEIN O W EG O

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

Odporność różnych rodzajów DNA na działanie enzymów w ykazuje 
duże różnice. Tym tłum aczy się fakt, że wydajność oznaczonego DNA 
przy zastosowaniu pierw otnej mikrobiologicznej m etody H off-Jorgensena 
jest zmienna w zależności od źródła DNA. Aby otrzym ać oznaczenie 
z praw ie 100-procentow ą wydajnością, konieczne było wprowadzenie sze
regu m odyfikacji. W pracy przeidstawicno eksperym enty  zm ierzające do 
określenia optym alnych w arunków  degradacji DNA i pcdano pełny opis 
przyjętej m etcdy. Przy turb idcm etrycznym  określaniu  w zrostu bakterii 
można oznaczać 0.2 ng. DNA; przy oznaczaniu powstałego kwasu m leko
wego dokładność w zrasta 10-krotnie (0.02 м-g. DNA).

R eceived 4 S ep tem b er 1962.
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W. SZER, M. SWIERKOWSKI and D. SHUGAR

SECONDARY STRUCTURE OF POLY-URIDYLIC AND POLY-RIBO-
THYMIDYLIC ACIDS, THEIR A-METHYLATED ANALOGUES, 

AND THEIR 1:1 COMPLEXES WITH POLY-A

In s titu te  o f B io c h e m is try  and  B iophysics, P o lish  A c a d e m y  o f Sc iences; and  D ept, 
o f B io ch em is try , S ta te  In s ti tu te  o f H ygiene, W arszaw a

Of a ll th e  syn thetic  polyribonucleotides h itherto  investigated, the  
lowest hyperchrom icity  at room tem perature , about 9%, is exhibited by 
poly-U1 which, under these conditions, is believed to  exist as a random  
coil. (The value of 5 - 6%  hyperchrom icity originally  reported  for poly-U 
by W arner [42], although widely quoted, is som ew hat on the  low side 
[36, 37]). The significant observation was m ade by L ipsett [20], and sub
sequently confirm ed [37] that, a t lower tem peratures, about 6°, the poly
mer possesses enhanced hypochrom icity am ounting to about 16% and 
testifying to  the  form ation under these conditions of a certain  degree of 
secondary s truc tu re .

In  view of the  foregoing, it is ra th e r  surprising  th a t poly-rT, first 
prepared by G riffin  et al. [12], was reported  to  exhibit л hyperchrom i
city of up to 33%  on hydrolysis to m ononucleotides. (Note tha t both the 
terms hypochrom icity and hyperchrom icity  a re  used in th is text [see 
ref. 33]). This is all th e  m ore unusual in that the behaviour of the  base 
pair A-U in the  twin-strand& d complex poly-A + po ly -U  has hitherto  
been tacitly  accepted as reflecting the  behaviour of the  base pair A-T in 
DNA [5, 27]. A tten tion  was d raw n to the  im portance of checking the  
unusually high reported  hyperchrom icity  of poly-rT  [33] and  it was 
proposed that, if th e  observations of G riffin et al. [12] w ere to  be con

1 T he fo llo w in g  ab b re v ia tio n s  a re  used  in th is  te x t: U, u rid y lic  ac id ; MeU,. 
N -m eth y lu rid y lic  ac id ; rT , r ib o th y m id y iic  ac id ; M e-rT , N -m e th y l-r ib o th y m id y lic  
acid ; dT , d e c x y rib o th y m id y lic  acid ; A, ad en y lic  acid ; C, cy tidy lic  ac id ; G, g u an y lic  
acid. T he p re f ix  “p o ly -” in d ica te s  a p o ly rib o n u c leo tid e  o b ta in ed  by th e  ac tion  o f 
po lynucleo tide  p h o sp h o ry la se  on  th e  a p p ro p r ia te  nuc leo s id e -5 '-p y ro p h o sp h a te i [13], 
e.g. po ly -U  is p o ly -u rid y lic  acid . T he p re f ix  “o lig o -” re fe rs  to a po ly m er of r e la 
tively  sh o r t ch a in  len g th , w h ich  does n o t n o rm a lly  e x h ib it seco n d ary  s tru c tu re^  
N um bering  o f a tom s in th e  p y rim id in e  r in g  acco rd ing  to C hem ical A b strac ts .
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firm ed, it would indicate th a t poly-rT, in  contrast to  poly-U, exists a t 
room tem peratu re  in a highly ordered configuration and w ith  a m id
point transition  tem pera tu re  Tm [21] probably above room  tem peratu re  
[37]. The resu ltan t im plications w ith respect to  in te rp re ta tion  of poly
nucleotide s tru c tu re  are im m ediately obvious, and led us to prepare  both 
poly-rT  and poly-M e-rT with a view to com paring their properties w ith 
those of the  corresponding poly-U and poly-MeU.

The preparation  of the N -m ethylated  polym er lent additional in terest 
to such a study  in th a t it was previously show n th a t poly-M eU was 
en tire ly  devoid of secondary s tru c tu re  even at tem pera tu res as low as 0 °, 
nor did it exhibit any  ab ility  to complex w ith  poly-A  even under the  
m ost favourable conditions [37]. This resu lt was to be anticipated  on 
the basis of the  W atson-Crick hypothesis [3] for DNA stru c tu re  in  which 
hydrogen bonding betw een adenine and  thym ine (uracil) should involve 
the  N3 position of the  thym ine (or uracil) rings. It m ight, of course, be 
argued tha t it is not so m uch the  blocking of th e  N3 ring  nitrogen, as 
th e  steric hindrance due  to  th e  van de r W aals’ radius of the  m ethyl 
group, which prevents complexing w ith poly-A. But in  either case the  
inference m ay be draw n th a t th e  N3 position is involved in  the  form ation 
of secondary structu re . It is w orth noting tha t N -m ethylation of poly-U 
leads to  a loss in ab ility  of the  la tte r to  code for phenylalan ine (S. Ochoa, 
p rivate  inform ation).

RESULTS AND DISCUSSION

Synthetic . The sta rtin g  substance for the  syntheses described below 
was l-(P-D-ribofuranosyl)thym ine (I), which was p repared  according to 
the  m ethod of Fox et al. [8]. C rystalline 2 ':3 '-0-isopropylideneribosethy- 
m ine (II) was then  obtained from  I according to the  m ethod of Leve- 
ne & Tipson [19]. Phosphorylation of II  w ith [1-cyanoethylphcsphate, as 
described by Tener [40], gave l-(fU D-ribofurancsyl)thym ine-5'-phosphate 
(III) which was once m ore phosphorylated w ith  dibenzylphosphochlori- 
da te  [22] to give the  5 '-pyrophosphate (IV).

T reatm ent of II  w ith an  excess of diazom ethane in anhydrous m e
dium  [36] gave, quantitatively , l - ,|j-D-ribofuranosyl-2/ :3,-0-isopropylide- 
ne)-N -m ethylthym ine (VI) in crystalline form. The 5 '-m onophosphate of 
l-(P-D -ribofuranosyl)-N -m ethylthym ine (VII) was then  obtained by phos
phorylation of VI w ith 1P 2O5 in  H3PO4 [14, 22]. The application in th is 
instance of the  m ilder and  m ore efficient phosphorylating agent, P-cya- 
noethylphosphate [40], was not feasible since it requires subsequent re 
m oval of the  cyancethyl group in  strong alkali at elevated tem pera tu re . 
U nder these conditions the  N -m ethyl-ribosethym ine was found to un 
dergo' degradation, a finding which m ight have been an tic ipated  from  
the  known instab ility  in a lkaline medium, even at room tem peratu re , 
of IVJV'-alkylated uracils [7, 35, 15, 36].
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Phosphorylation of VII  was then  carried  out w ith dibenzylphospho- 
chloridate, as above, to yield l-(P-D-ribofurancsyl)-IV-methylthymi- 
ne-5'-pyrophoisphate (VIII).

Both the  5 '-pyrcphosphates, /V and V III, w ere found to be active as 
substra tes of polynucleotide phosphorylase [13], although to  m arkedly  
d ifferen t degrees. Polym erization of IV  d id  not give uniform  results, the  
yield of polym er varying in  d ifferen t experim ents from  20 to 40%. More 
disturb ing  was the fact that the  degree of polym erization of the  various 
preparations, as m easured quan tita tive ly  by the  degree of tem peratu re  
hyperchrom icity (see below), likewise varied for the  d ifferen t p repara
tions. G riffin et al. [12] also obtained preparations of poly-rT with va ry 
ing degrees о-f hyperchrom icity  on hydrolysis to- m ononucleotides. It will 
be seen, below, tha t our best preparations exhibited a higher degree of 
hyperchrom icity, and hence w ere m ore highly  polymerized, than  the 
preparations reported  by the  preceding authors.

Under identical conditions as  for poly-rT, poly-U could be obtained 
consistently w ith  a polym er y ield  of 60%.

Out of 7 experim ents, 4 gave preparations of poly-rT (V) with very 
high tem pera tu re  hyperchrom icity and  the  data presented below refer 
to  these 4 samples, unless otherw ise indicated. The source of th is varia
tion in degree of polym erization is discussed in a subsequent section, 
below.

Initial a ttem pts at polym erization of VIII w ith polynucleotide phos
phorylase gave only traces of poly-M e-rT (IX), and this only a fte r an 
extended “lag phase” of up to 30 - 40 hr. These traces of polym er w ere 
elu ted  from a paper chrom atogram  and  utilized as “p rim er” in subse
quent polymerizations. But even w ith the  use of this “p rim er”, the  yield 
of polym er was only 1 1 -1 4 %  after 22 -2 4  hr. incubation with the 
enzyme.

Secondary structure of polym ers and complexes. In Fig. 1 a re  p re
sented the  tem pera tu re  profiles for poly-rT in  0.01 M-MgCl2 and in
0.15 M-NaCl +  0.15 м-scdium  c itra te ; as well as th a t for poly-U in
0.01 M-MgCl2. (The lowest tem pera tu re  a tta inab le  in  the  spectrophoto
m eter cuvette  com partm ent, in  these experim ents, was 4.8°). As will be 
seen from the Figure, the  tem pera tu re  hyperchrom icity  for poly-rT in
0.01 M-MgCl2 over th e  tem pera tu re  range 4.8 - 45° was 85%, the  highest 
yet recorded for a synthetic  poly-ribonucleotide. For poly-U the  corres
ponding value is 19%. For poly-rT  in 0.01 M-MgCl2 the  m elting point Tm,
1.e. the  tem pera tu re  at which half the  secondary s tru c tu re  is dissociated, 
is 36°; while for poly-U under the  sam e conditions it is only  8.5°. The 
Tm for poly-rT in 0.15 M-NaCl +  0.015 м-sodium c itra te  is about 7° lower 
than  in 0.01 M-MgCl2, in  agreem ent w ith  the  know n effect of ionic 
strength  and, in particular, of the  d ivalen t cation Mg2+ on the  m agnitude 
of Tm [26, 20].
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If, in Fig. 1, w e ignore the left-hand  portion of the  “m elting” curve 
for poly-rT, the  low slope of which m ay be due either to some deform a
tions in  secondary s tru c tu re  or to the  dissociation of the  secondary 
stru c tu re  of some fractions of low m olecular weight, the  rem ainder of 
the tem peratu re  profile, and particu larly  th a t em braced by th e  region 
Tm± 7 ° , is characteristic of an “a ll 'o r  none” process. It is typical of 
tha t observed for o ther polynucleotides, both syn thetic  and natu ra l, and 
represents the transition  from  a helix  to a random  coil [31], the  Tm under

Fig. 1. T e m p e ra tu re  p ro files  o f: (x ), Fig. 2. A b so rp tio n  sp e c tru m  o f p o ly -rT
p o ly -rT  in  0.01 M-MgCl2, pH  7, a t in 0.01 M-MgCl2, pH  7, a t te m p e ra tu re s
267 ггц; (# ), p o ly -rT  in  0.15M -N aCl +  in d ica ted  in F ig u re
+  0.015 м -so d iu m  c itra te , pH  6.9, a t  
267 т ц ;  (О ), po ly -U  in  0.01 M -MgCl2, 
pH 7, a t 262 т ц .  (E x tinction  m easu red
at m ax im a o f p rin c ip a l ab so rp tio n

bands)

defined conditions being a m easure of the  re la tive  stab ility  of the 
helix. It follows from  Fig. 1 th a t poly-rT  is energetically  considerably 
m ere stab le than  poly-U. The na tu re  of the  transition  and its dependence 
on tem pera tu re  suggest th a t we a re  dealing, a t least in part, w ith  the 
form ation or ru p tu re  of hydrogen bonds (see, how ever, below).

It is consequently of in terest th a t neither poly-M e-U [37], nor poly- 
-M e-rT (see Experim ental, below) exhibit secondary s tru c tu re  even 
under the  most ‘favourable conditions of ionic streng th  or tem perature, 
thus pinpointing the  im portance of the  ring N3 nitrogen, m ost likely 
as a hydrogen donor, in the  form ation of an in tram olecu lar helix. 
It would clearly be desirable to conduct a rentgenographic analysis of 
poly-rT, as w ell as m easurem ents of th e  sedim entation coefficients of 
the  “random ” and  “coil” form s a t the  appropriate  tem peratures. Poly- 
-rT  is, in  fact, an adm irable model for such investigations because of 
the closeness of its Tm to room tem perature, and  its ex trem ely  high 
tem pera tu re  hypochrcm icity  indicating tha t it possesses a highly ordered 
configuration below room tem perature .
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W hen ribonuclease w as added to a solution of poly-rT in a spectro
photom eter cuvette, buffered  a t neu tra l pH in 0.01 M-MgCl2, there  
resulted  an instantaneous increase in extinction to the value obtained 
by heating to 45° (Fig. 1), and  indicative of the dissociation of the 
secondary s tru c tu re  of the  polym er. Following this, there was a further, 
tim e-dependent, increase of about 8%  accom panying hydrolysis of the 
shorter chains to  m ononucleotides. This “residual hyperchrom icity” of 
8%  was also obtained by hydrolysis of the  polym er by acid or alkali. 
That this residual hyperchrom icity  has nothing to do w ith  secondary 
s tru c tu re  was show n by the  fact th a t poly-M e-rT exhibited a sim ilar 
increase in  extinction, about 7%, on hydrolysis to m ononucleotides by 
acid or snake venom. Both poly-U at room tem perature, w here it 
exists as a random  coil, and  poly-MeU, which is in the  form  of a random  
coil a t all tem peratures, exhibit residual hyperchrom icity  of about 9% 
[36, 37]. It should be recalled  th a t various oligonucleotides exhibit such 
residual hyperchrom icity  [for review  see ref. 33] which appears most 
likely due to overlapping of the  тг-orbitals of the  neighbouring bases 
in  the  chains [18, 23, 37, 38].

Fig. 2 presents the  absorption spectrum  of poly-rT in 0.01 M-MgCl2 
over the  w avelength range  220 - 310 mjx a t tem peratures of 4°, 25° 
and  50°. From  this F igure th e  hypochrom icity a t any wavelength may 
be read off d irectly . A ttention is draw n, in particular, to the  fact that the

Fig. 3. F o rm a tio n  of th e  1 :1  com plex  
p o ly -rT  +  po ly -A  in 0.15 M -NaCl +  
+  0.015 м -so d iu m  c itra te , pH  6.9 a t  25°, 
as fo llow ed by changes in  e x tin c tio n  
a t 262.5 т ц  on  ad d itio n  o f one  p o ly m er 
to th e  o th e r . T he ex tin c tio n  v a lu e s  fo r 
the hom opolym ers a re  p re sen ted  w ith 
o u t ta k in g  in to  accoun t th e  in f lu en ce  

of th e ir  ow n seco n d ary  s t ru c tu re

helix form  of poly-rT  exhibits hyperchrom icity, i.e. an  increase in 
extinction, to the violet of 235 т ; і  and to the red of 290 m|i, w ith respect to 
the random coil. We shall revert to this in the General Discussion, below.; , 

Fig. 3 dem onstrates com plex form ation betw een poly-rT  and poly-A 
a t room tem peratu re  under standard  conditions. The form ation of,
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a complex was followed by the decrease in extinction of the  m ix ture  
of the  two' polym ers, w ith respect to  th e ir  arithm etical sum m ation. 
From  Fig. 3 it w ill be seen th a t m axim um  hypochrom icity of the 
complex poly-rT  +  poly-A occurs a t a m olar ra tto  of th e  two 
components of 1 : 1, as a lready  observed for a num ber of complexes 
of synthetic  polyribonucleotides [28, 25, 26, 37], its  value being 41% as 
com pared to 30% for the  1 : 1 complex of poly-U  +  poly-A. The hyper- 
chrom icities of the  complexes, i.e. the increases in extinction accom pany
ing their dissociation, a re  64% for poly-rT  +  poly-A and  39% for 
poly-U +  poly-A [42]. As previously observed for poly-MeU [37], 
poly-M e-rT did not exhibit any evidence of complex form ation with 
poly-A under the  most favourable conditions of tem pera tu re  and ionic 
strength .

In Fig. 4 the extinctions of the  tw in-stranded  complexes a re  shown 
as a function of tem perature. As the  tem pera tu re  is raised the “m elting 
o u t” of the complex, i.e. the  dissociation of th e  tw in  strands, is followed 
by the increase in optical density. It will be seen from  the F igure  th a t 
the  Tm for the  complex of poly-A w ith poly-rT  is 79° and is 20° higher 
than  th a t with poly-U. Also show n in  Fig. 4 is the  tem pera tu re  profile 
for the  m elting out of th e  complex of poly-A w ith a sam ple of poly-rT 
which had been partially  degraded spontaneously by standing in 
aqueous m edium  a t room tem pera tu re  (see below) so tha t it consisted

Fig. 4. T e m p e ra tu re  p ro file s  in 0.15 м -N aC l +  0.015 м -so d iu m  c itra te , pH  6.9, of 
1 :1  com plexes o f: (x), po ly -U  +  po ly -A , a t 259.5 т ц ;  (* ), p o ly -rT  +  p o ly -A  a t 
262.5 т ц ;  (O ), o lig o -rT  +  p o ly -A  a t  262.5 т ц .  (E x tinc tion  m easu red  a t m ax im a  of

p rin c ip a l a b so rp tio n  bands)

of chains of sho rte r length. This la tte r  curve dem onstrates s trik ing ly  
the  im portance of chain length as a factor in determ ining the  stab ility  
of the  tw in-stranded  helix; for not only is the  Tm appreciably  lowered,
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but the  fla tten ing  out of the profile points to the  gradual m elting out 
of complexes containing varying chain lengths of oligo-rT. A som ewhat 
sim ilar tem pera tu re  profile was obtained by Rich [27] for a complex of 
poly-A with a sam ple of oligo-dT of an  average chain length of 
12 residues.

Fig. 5 exhibits the  absorption spectrum  of the  1 : 1 complex of 
poly-A  w ith poly-rT  at room tem perature  and at 85° w here the  
com plex is completely 'dissociated. It should be noted tha t to the  violet

Fig. 5. A b so rp tio n  sp ec tru m  in 0.15 m- 

-N aC l +  0.015 м -sod ium  c itra te , pH  6.9, 
of 1 :1  com plex  o f p o ly -rT  +  po ly-A

a t 25° and 85°

of 230 mti and  to the  red  of 295 mix the complex exhibits an  increase 
in absorption, or hyperchrom icity, w ith respect to the  dissociated form.

A pparent instability of poly-rT. F requen t references are  to be found 
in the  lite ra tu re  w ith respect to the  “in stab ility ” of some synthetic  poly
ribonucleotides, one of the  best-know n exam ples being poly-C [44]. 
This 'has been variously ascribed to th e  presence in  the  preparations of 
traces of nucleases; but the  principal argum ent against this has been 
the apparen t stab ility  of poly-U.

G riffin  et al. [12] noted that their various preparations of poly-rT 
exhibited d ifferen t degrees of hyperchrom icity, ascribing this to seme 
instab ility  of the  polym ers. From  w hat has been described above, in 
particu la r the fact that the  Tm of poly-rT  is in the  vicinity of room 
tem perature, w e now  know th a t the  variations in hyperchrom icity of 
their preparations w ere due  at least in  part to the  fact tha t their 
m easurem ents were probably m ade at varying am bient tem peratures.

Nonetheless, despite careful control of tem perature, th ree  of our 
preparations also exhibited low hyperchrom icity. More significant was 
the fact tha t all preparations, w hen left in aqueous m edium  at room 
tem perature, underw ent slow degradation to the  point w here they 
eventually  exhibited chrom atographically  the  presence even of m ono
nucleotides. It is difficult, under these circum stances, to conceive of any 
explanation other than  the  presence of traces of some nuclease o r
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phosphodiesterase. The presence of traces of an enzym e such as pancreatic 
ribonuclease was excluded since poly-M e-rT, which is resistant to 
pancreatic ribonuclease, exhibited th e  sam e behaviour.

An aliquot of poly-rT, w hen added to  a solution of yeast RNA and 
left for some tim e a t room tem perature, was w ithout any effect on the 
latter. This would appear to exclude th e  presence of some ribonuclease 
or phosphodiesterase.

However, w hen a sam ple of poly-rT  w as rap id ly  heated to 100°, 
m aintained a t this tem pera tu re  for 60 min., and  then  cooled and left 
for 18 hr. at room tem perature, no fu rth e r degradation could be 
observed. On the  o ther hand w hen th e  sam ple was heated at 100° for 
only 5 min., fu rth e r degradation d id  resu lt on subsequent exposure 
for 18 hr. to room  tem perature. This is reasonably  good evidence that 
the  instability  of poly-rT  is due to th e  presence of traces of a  highly 
specific phosphodiesterase which is inactive against poly-U or RNA. 
That a phosphodiesterase, and  not a ribonuclease, is involved is testified 
to by the  fact tha t the  m ononucleotide isolated from  a spontaneously 
degraded preparation of poly-rT  proved to be the  5'-monophosphate.

Enzym ic hydrolysis of polym ers. An exam ination was m ade of the 
ra te  of enzymic (pancreatic ribonuclease) hydrolysis of poly-rT  and 
poly-U a t 22° in 0.01 M-MgCl2, i.e. under conditions such tha t poly-rT 
possesses a secondary s tru c tu re  corresponding to  90°/o of m axim um , 
while poly-U is in  the  form  of a random  coil. Both polym ers w ere found 
to undergo hydrolysis (chrom atographic determ ination  of ra te  of 
appearance of oligonucleotides) a t essentially the  sam e rate . It follows 
that the presence of secondary s tru c tu re  offers no steric  or other 
hindrance to  the  action of the enzyme. An a lte rna tive  in terp re ta tion  
may, of course, be offered, viz. th e  cleavage of only tw o or th ree 
linkages in  a chain containing secondary s tru c tu re  m ay suffice to 
abolish th e  latter, th e  resu lting  shorter chains th en  behaving as random  
coils.

On the  o ther hand, when poly-rT  is combined w ith poly-A in a 1 : 1 
helical complex, its ra te  of hydrolysis by ribonuclease is inhibited  to 
the  extent tha t a five-fold increase in enzym e concentration is required  
to give a ra te  of hydrolysis of 40% th a t for free  poly-rT  under the  sam e 
conditions. T here consequently appears to  be appreciable steric  h ind r
ance to form ation of an enzym e-substrate complex. The possibility, in 
the foregoing experim ent, th a t som e of the  ribonuclease m ay be bound 
by the  poly-A component, is a t once elim inated by the  fact th a t the  
la tte r is present a t a m olar concentration equal to  th a t for poly-rT; the  
d ifference in ra tes  of enzymic hydrolysis is too great to be accounted 
for in  th is way.

Poly-M e-rT w as found to be com pletely resistan t to th e  action of 
pancreatic ribonuclease, in  agreem ent w ith  previous observations on th e
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resistance of po'ly-MeU to the  sam e enzym e [36 - 39] and with the 
suggestion regarding the significance of the  N3 position of the  pyrim idine 
ring in th e  form ation of an enzym e-substrate complex [4, 45, 39].

Both poly-rT  and poly-M e-rT w ere read ily  hydrolysed by snake 
venom  (Crotalus adamanteus) to the  5 '-m onophosphates of ribosethym ine 
and  N -m ethyl-ribosethym ine, and  then  to  the  nucleosides.

M ention should also be m ade of the observation tha t the  acid3 
-catalysed  hydrolysis of poly-rT (m easured a t room tem peratu re  a t 
pH 2.5) proceeded at a ra te  sign ificantly  higher th an  th a t for poly-lL

M etachromatic behaviour. Both poly-rT  and poly-M e-rT w ere found 
to exhibit pronounced m etachrom asia against a basic dye, to luidine blue. 
For poly-rT , th e  degree of m etachrom asia, estim ated visually  by com
parison w ith a control dye solution at th e  sam e concentration, increased 
w ith decreasing tem perature; and decreased, but did not disappear, at 
a tem pera tu re  above that a t which th e  secondary s tru c tu re  was fu lly  
dissociated. These observations m ay be readily  in terp re ted  qualitatively  
in term s of th e  linear s truc tu re  of the  polym ers as well as the  secondary 
s tru c tu re  in  th e  case of poly-rT. The fact th a t poly-M e-rT, which is 
devoid of secondary structu re , w as found to  be m etachrom atic, is in 
agreem ent w ith the  observations of M ichelson [23] on the  m etachrom asia 
of oligonucleotides of short chain length  (4 -1 3  residues); and w ith the  
observations on the  m etachrom asia of th e  RNA “core” resu lting  from  
the  exhaustive enzymic (pancreatic ribonuclease) hydrolysis of RNA and 
w hich has an  average chain length of only  6 - 7  residues [34]. Since the 
m etachrom asia of poly-M e-rT was found to be rela tively  independent of 
tem pera tu re , the  dependence of poly-rT  m etachrom asia on tem peratu re  
im plies th a t th e  degree to which a  basic dye is bound by a poly
nucleotide chain is, to  an  appreciable ex ten t, dependent on the  m anner 
in which the  arom atic bases a re  oriented, or “stacked”, w ith  respect 
to  each o ther in  the  chain. P o ly-rT  and  its N -m ethylated analogue 
provide, in  fact, tw o model polym er chains w hich should prove 
ex trem ely  useful for exam ining quan tita tive ly  th e  re la tive  influence 
of chain length  and secondary s tru c tu re  on degree of m etachrom asia 
against various basic dyes.

GENERAL DISCUSSION

I t is clearly  of considerable im portance to determ ine how m ethyla- 
tion of th e  5-position of the  uracil rings in poly-U, w ith form ation of 
poly-rT, resu lts  in such a m arked increase in secondary s tru c tu re  of the 
la tte r, as well as in its ability  to form  an  appreciably stronger hydrogen 
bonded complex with poly-A. This is certain ly  not due  to any  difference 
in  m olecular weight, i.e. chain length, of the  polym ers since G riffin 
et al. [12] m easured th e  sedim entation constants of their sam ples of
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poly-rT, obtaining values which lie w ithin the range of those for poly-U. 
It m ust be also em phasized in this connection th a t the  influence of 
m ethylation is negligible in short chains, i.e. w here  the appearance of 
secondary s tru c tu re  is excluded. The hypochrom icity of the  dinucleotide 
TpT is only 3 - 4 %  [11]; w hile tha t for oligo-dT w ith a chain length of 
about 10 residues is of the  o rder of 9 - 10%, i.e. sim ilar to  th a t for 
oligo-U [36].

The principal effect of the  m ethyl group a t th e  5-position of the  
uracil rings is therefore to strengthen  the secondary structu re . It seem s 
ra th e r  unlikely tha t the inductive effect of the  m ethyl group w ould 
be sufficiently  pronounced to increase the  hydrogen bonding properties 
of the  N3 or exo-C>4 of the  uracil ring. The hydrogen bonding 
properties m ay conceivably be m odified by hyperconjugation of th e  
m ethyl groups w ith the  arom atic rings, bu t th e  m agnitude of such 
hyperconjugation effects has as yet not been evaluated [1]. A nother 
possibility which m ust be considered is some type  of hydrogen bonding 
involving the  m ethyl hydrogens them selves; it was proposed some tim e 
ago by Evans et al. [6] and W atson [43] th a t m ethyl hydrogens m ay 
participate  in hydrogen bonding, bu t independent confirm ation of this 
is apparen tly  lacking [2]. An exam ination of m olecular models of d i- 
and tri-nucleotides has throw n no additional light on the m atter. X -ray  
diffraction, and ro ta to ry  dispersion, studies m ight be expected to provide 
some useful clues.

In the  light of recen t evidence on the  involvem ent of hydrophobic 
forces in the  stabilization of the  secondary s tru c tu re  of polypeptides 
and  polynucleotides (see for review  [21a]), it seem s likely th a t hydro- 
phobic interactions betw een adjacent m ethyl groups of th e  5 position 
of the uracil ring m ay resu lt in additional stabilization of the  helix . 
In any event it m ust be concluded, from  the  d ifference in behaviour 
betw een poly-U and poly-rT  on the  one hand, and the ir tw in-stranded  
complexes w ith poly-A on the  other, th a t the  s tab ility  of poly-nucleo
tide helices is not due  to the streng th  of the tw in -strand  hydrogen 
bonds alone, and  th a t o ther o r additional factors m ust be involved. This 
is discussed in g rea ter detail in a subsequent paper (Szer & Shugar, 
Acta Biochim. Polon. 10, no. 2, in  press).

It would also be of considerable value to  com pare the  properties of 
poly-C w ith  those of poly-(5-m ethylcytidylic) acid, the  m ore so in th a t 
5-m et’hylcytosine is an im portan t constituent of some nucleic acids. 
Additional models which m erit investigation a re  the  polynucleotides 
of halogenated uridylic acids, particu la rly  in view of the  cu rren t wide
spread stud.es on the  biological properties of deoxyribonucleic acids 
containing biologically incorporated halogeno-uracils in place of th y 
m ine; K it & Hsu [17] have, indeed, reported  th a t substitu tion  of

http://rcin.org.pl



[1 1 ] SECONDARY STRUCTURE OF POLY-rT g-j

brom ouracil fo r some of the thym ine residues in  DNA results in 
a defin ite  increase in the  Tm of the  m elting curve o r tem pera tu re  profile.

I t will m ost likely be necessary in such investigations, as well as in 
o thers (see next paragraph) to distinguish betw een ribo- and deoxy- 
ribo-polym ers. Schildkraut et al. [32] have provided evidence indicating 
th a t the  Tm for the  tw in-stranded  complex of poly-C w ith poly-dG is 
18° higher than  tha t for the corresponding complex of poly-dC w ith  
poly-dG ; bu t this finding is perhaps not fu lly  convincing since some 
doubts existed as to the  chain length of th e  poly-dC component.

From  Fig. 4 it follows tha t the  tacit assum ption of the  equivalence 
of th e  base pairs A-U and A-T [see, e.g. ref. 5, 27] cannot be accepted. 
Ric’h & Tinoco [30], for example, calculated the influence of chain length 
on hypochrom ism  in nucleic acids and  synthetic polynucleotides, 
em ploying as models poly-A and oligonucleotides of dT of varying chain 
lengths; but th e ir calculations w ere based on the  use of the  tw in- 
-stranded  complex of poly-A w ith poly-U as a chain of infin ite  length. 
The present resu lts  show that this is not perm issible.

As already  noted above, poly-rT  at low tem pera tu re  (where a high 
degree of secondary s tru c tu re  prevails) and the  tw in-stranded  complex 
of poly-rT  w ith poly-A both exhibit hyperchrom icity  to the  red  of 
290 -  295 т ц  (see Figs. 2 and  5). This effect was predicted from 
theoretical considerations of the  origin of hypochrom icity by Tinoco [41], 
according to whom the  hyperchrom icity  is due to th e  interaction 
betw een the  n  * transitions of the  individual bases, these transitions 
being perpendicular to the  planes of the  bases and hence aligned head 
to tail along the  polym er chain. Such hyperchrom icity  was observed 
experim entally  by Rich & K asha [29] for the  tw in-stranded  complex 
of poly-A and poly-U to the  red  of 280 т ц  and was regarded  as con
firm ation of Tinoco’s theoretical treatm ent. M easurem ents of the u ltra 
violet dichroism  for m echanically orien ted  film s of poly-C apparen tly  
provided additional support for th is in terp re ta tion  [29]. This has, 
however, been placed in doubt by G ellert [9], who found th a t poly^dAT 
exhibited dichroism a t 280 тц- sim ilar to th a t for the  m ain peak, so th a t 
the  absorption at 280 mu would be due  to a transition  in the plane of the 
bases, and concluded from  this th a t the presence of a hyperchrom ic band 
is an insufficient criterion for the  assignm ent of an  n -> n* transition. 
In view of this, a tten tion  should be d raw n to the  fact th a t both poly-rT 
and its 1 :1  complex w ith  poly-A  also exhibit hyperchrom icity  to the 
violet of 240 т ц  and  230 т ц ,  respectively  (Figs. 2 and 5). But the  
u ltraviolet dichroism of o rien ted  poly-C [29] suggests th a t the observed 
m axim um  absorption at 225 т ц  is due to n  bands, so th a t there
should be hypochrom icity in th is region. In  fact Rich & K asha’s [29] 
absorption spectrum  for the  1 : 1 com plex of poly-A w ith poly-U shows 
hyperchrom icity to the violet of 230 т ц ,  in apparen t contradiction with
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their conclusions and w ith the ir observations on orien ted  poly-C. The 
foregoing comparisons are, of course, not en tire ly  satisfactory; it will 
be necessary to carry  out m easurem ents of absorption and dichroism 
on the  sam e polymer.

EXPERIMENTAL

General. Ascending paper chrom atography, w ith W hatm an no. 1 
paper was used throughout. The composition of two of the  solvent 
system s, A  and B, and  the  re levan t R F values, a re  given in  Table 1. 
Two o ther solvents used were: C, propan-2-ol - NH4OH (d =  0.88) - H20  
(70:10:20 by vol.); D, w ater-satu rated  butanol.

A “d a rk ” ultraviolet lam p was em ployed for locating the  spots on 
the chrom atogram s.

H ilger Uvispek and Unicam SP500 spectrophotom eters w ere used for 
spectral m easurem ents. The tem p era tu re  profiles w ere run  on the 
H ilger instrum ent, using a specially constructed com partm ent for three 
cuvettes; w ater, or a m ix tu re  of w ater and  glycerol, was circulated 
through the  com partm ent by m eans of a Hoeppler u ltra therm osta t. The 
tem pera tu re  of the com partm ent was calibrated  against th a t of the  fluid 
in the  therm ostat by m eans of copper-constantan therm ocouples.

T a b le  1

Paper chromatography
The ascending technique on Whatman no. 1 paper and the following solvent systems were used: 
(A), ethanol - 1 m-  ammonium acetate, 5 :2 (v/v). (B), Propan-2 ol -1 % ammonium sulphate, 6 :4 (v/v)

Compound
R f in solvent

A В

Ribosethymine (/) 0.78 _
2':3'-CMsopropylidene-ribosethymine (Я) 0.89 —
Riboselhymine-5'-phosphate (Я /) 0.31 0.35
Riboselhy mine-5 '-pyrophosphate (IV) 0.10 0.16
2':3'-ĆMsopropylidene-/V-methyl-ribosethymine ( VI) 0.95 —
N-Methylribosethymine-5 '-phosphate ( VII) 0.34 0.40
iV-Methylribosethymine-5'-pyrophosphate ( VIII) 0.14 0.20
Uridine 0.75 —
Uridine-5 '-phosphate 0.28 0.37
Ur idine- 5 '-pyrophosphate 0.06 0.18

All pH m easurem ents w ere m ade w ith  the  glass electrode and 
a Radiom eter 222 pH m eter.

Ribosethym ine. This was obtained by condensation of th e  m ercury 
salt of thym ine w ith  l-chloro-2,3,5-tribenzoylribofuranose [16, 24] 
according to Fox et al. [8].
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2'.3'-O -Isopropylideneribosethym ine. This was prepared  as described 
by Levene & Tipson [19] for isopropylideneuridine. The yield was 
quan tita tive  and  the product exhibited properties identical to  those 
described by G riffin  et al. [12].

R ibosethym ine-5'-phosphate. Isopropylideneribosethym ine was phos- 
phory lated  w ith (3-cyanoethylphosphate as described by Tener [40]. The 
reaction was practically  quantitative. Follow ing rem oval of the  cyanoethyl 
group by hydrolysis in 0.5 N-NaOH for 40 m in. at 100°, acid hydrolysis 
(30 m in. a t 100° in 1 n-HCI) was em ployed for rem oval of the  protecting 
isopropylidene group. The ribosethym ine phosphate was isolated as the  
calcium  salt and purified by repeated  solution in w ater and  precipitation 
w ith ethanol. The free nucleotide was then  obtained by rem oval of the 
calcium  w ith Dowex-50 (H+), evaporation of th e  aqueous solution to 
sm all volume, rem oval of w ater by azeotropic distillation  w ith  ethanol 
and benzene, and  addition of an  excess of cold e ther to  a filtered 
(fritted  G-4 glass filter), concentrated (about 50 mg./ml.) ethanolic 
solution of the  acid. Analysis gave, for СюН^ОдГ^Р: calc. N, 8.2S°/o; 
P, 9.14%; exp. N, 8.0%; P, 9.3%.

N -M eth y l-2':3 '-0-isopropylideneribosethym ine. 400 mg. (1.35 т м )  iso
propylideneribosethym ine was dissolved in  10 ml. anhydrous m ethanol, 
to w hich was added an  ethereal solution of diazom ethane until a per
m anent, pale yellow  colour prevailed. Following several m inutes, paper 
chrom atography in  solvent D exhibited the  form ation in  quantita tive  
yield of only one prcduct. Solvent was th en  rem oved under vacuum 
and th e  residue crystallized from  w ater, followed by recrystallization 
from  ethyl acetate  w ith addition of petro leum  ether to  slight turbidity , 
to give 400 mg. of product containing 2 m olecules of w ater of crystalliza
tion, softening a t  75° and  m elting com pletely a t 125°. Removal of the 
w ater of crystallization at elevated tem pera tu re  under reduced pressure 
gave a colourless glass which could not be crystallized. For C14H20Ot3N2: 
calc. N 8.97%; exp. N 8.7%.

N -M ethyl-ribosethym ine-5 '-phosphate. Phosphorylation of the  fore
going compound was carried  out by th e  “polyphosphate” m ethod as 
described previously for N -m ethylurid ine-5 '-phosphate [37] w ith a yield 
of 57%. The resu ltan t product was chrom atographically  homogeneous 
in solvents A, В  and  C; gave a positive periodate reaction; and  was 
quan tita tive ly  dephosphorylated by snake venom (Crotalus adamanteus) 
to- a sing le  prcduct, N -m ethyl-ribosethym ine.

Ribosethym ine-5 '-pyrophosphate. 100 mg. (0.3 тм )  of ribosethym ine- 
-5 '-phosphate w as transform ed to  th e  m ono-(tri-n-octyl)am ine salt and 
phosphorylated w ith an excess of dibenzylphosphochloridate as described 
by M ichelson [22, cf. 37] to give 73 mg. of th e  pyrophosphate (58.5% 
theor.) w ith  /Imax 267 m u and e267 9.4X104 (pH 6.9). The prcduct was 
chrom atographically  hom ogeneous in solvents A  and B; gave a positive
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periodate reaction; was quan tita tive ly  'hydrolysed by snake venom  
(Crotalus adam anteus) to ribosethym ine; and  w as active as a substra te  
for polynucleotide phosphorylase.

N -M ethyl-ribosethym ine-5 '-pyrophosphate. 105 mg. (0.3 т м )  of 
N -m ethyl-ribosethym ine-5 '-phosphate was phosphorylated as described 
in  the  preceding section [cf. 22], to give 82 mg. (63% theor), Amax 267 mu, 
f267 9.0 X104 (pH 6.9). The product was chrom atographically  homogeneous 
and active as a substra te  for polynucleotide phosphorylase.

Enzym ic synthesis of poly-rT . This was carried  ou t under standard  
conditions [13, 37] w ith yields of polym er ranging  from  20 to 40% in 
d ifferen t experim ents. The course of polym erization for the  experim ent 
w ith 40% yield is shown in Table 2. The polym er was isolated by preci
p ita tion  w ith ethanol and exhaustive dialysis against 0.005 м-NaCl a t 3°. 
In  a couple of experim ents isolation was achieved by m eans of extraction 
w ith phenol [10]. The polym er, following dialysis, w as e ither lyophilized 
o r stored in concentrated, aqueous, solution a t -60°. Out of 7 experi
m ents, 4 gave polym ers w ith high tem pera tu re  hypochrom icity (see 
below). Even the  best preparations, following storage at -60° for two 
weeks, and thaw ed from  tim e to tim e for the  sole purpose of w ith 
draw ing sam ples for experim ents, had by the  end of th is period lost 
m ost of the ir tem pera tu re  hypochrom icity. W ith longer storage and 
repeated  thaw ing for short intervals, paper chrom atography dem ons
tra ted  the appearance of oligonucleotides. It is therefo re  recom m ended 
th a t the  polym er solution be divided into aliquots for storage in the  
deep-freeze. Each aliquot is th en  thaw ed as requ ired  for a given 
experim ent.

E nzym ic synthesis of poly-M e-rT. This was carried  out as described 
above. In the  first a ttem pted  polym erization, on ly  traces of polym er 
w ere detected a fte r  42 hr. (fresh enzyme, and thym ol as a bactericidal 
agent, w ere added a fte r 24 hr.). This was used as a  “p rim er” in  subse
quen t polym erizations, the  resu lting  incubation periods being then  
considerably reduced, so tha t a fte r  24 hr. incubation the  yield of 
polym er ranged from  11 to  14%. The polym er was isolated and  stored 
as for poly-rT. It exhibited th e  sam e degree of in stab ility  as poly-rT 
during  extended storage.

Secondary structure and residual hyperchrom icity of poly-rT  and 
poly-M e-rT. The extinctions of the  polym ers, dissolved in 0.01 M-MgCl2 
or in 0.15 м-NaCl +  0.015 м-sodium  c itra te  a t pH 7, w ere m easured 
over the  tem pera tu re  range 4 -7 5 °  in  10 mm. cuvettes (polym er conc. 
about 10-4 m ). The tem pera tu re  profile for poly-rT, show n in Fig. 1, 
was com pletely reversib le on reducing the  tem perature . In the  absence 
of salt and buffer, no tem pera tu re  hyperchrom icity  was exhibited by 
poly-rT. The ultraviolet absorption spectrum  of poly-rT  in 0.01 M-MgCl2 
at pH 7 is exhibited in  Fig. 2 for th ree  d ifferen t tem pera tu res, 4°, 25°
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and 50°, from  which th e  hyperchrom icity  can be calculated for all 
wavelengths.

In  the  case of poly-M e-rT, no change in absorption could be detected 
at 266 mii even when the MgCl2 concentration was increased to 0.1 м.

Following determ ination of the  peak extinction of poly-rT  a t the  
tem pera tu re  provoking collapse of secondary s tru c tu re  (see Fig. 2), the 
solution was brought to  room tem pera tu re  and the  polym er subjected 
to the  action of pancreatic ribonuclease. This resu lted  in an additional 
increase in absorption of 8%. Acid (1 n-HCI, 25°, 20 hr.) and  alkaline 
(0.3 N-NaOH, 25°, 20 hr.) hydrolysis gave increases ranging from  7.5 to 
9.5%. In all cases it was established by paper chrom atography th a t 
hydrolysis to mononucleotides was complete.

T a b le  2

Synthesis o f poly-ribothymidylic acid catalysed by polynucleotide phosphorylase
The amount of polymer formed was determined by spectrophotometry of a paper chromatogram

eluate (solvent R)

Time of incubation (hr.) Polymer formed (%)

13 traces
15 15
20 35
22 39
25 40.5

Hydrolysis to m ononucleotide of poly-M e-rT by acid (1 n-HCI, 25°, 
20 hr.) o r snake venom (Crotalus adamanteus) resu lted  in  an  increase 
in  extinction of 7%.

Com plexes (1:1) w ith  poly-A . These w ere form ed under standard  
conditions [42, 5] a t room tem pera tu re  in  0.15M-NaCl and 0.015 м-so
dium  citrate . Changes in  optical density resu lting  from  m ixing of the  
polym ers w ere m easured a t  th ree  w avelengths: 257, 266 and 262.5 mu, 
which a re  the  Amax respectively for poly-A, poly-rT  and the 1 : 1 com
plex of the two. Complex form ation was followed by “ titra tio n ” of po- 
ly-A by poly-rT, and  conversely, un til the  m olar ratio  of the  two com
ponents was 1 : 1; following which the  tem pera tu re  profile was deter
mined. Since, under the  conditions prevailing, each polym er exhibits 
its own secondary structu re , th e  tem pera tu re  profile of each was also 
determ ined for a concentration equal to  tha t present in  the  complex (see 
Fig. 4).

The tem pera tu re  profile  for a com plex consisting of poly-A and  
oligo-rT (i.e. poly-rT  which had spontaneously degraded to give sm aller
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chains) is shown in Fig. 4. W ith a 1 : 1 ratio  of the  tw o components, 
such a complex exhibited a m axim um  hypochrom icity of only 19%.

The absorption spectrum  of the  complex poly-A  +  poly-rT  at room 
tem peratu re  and at 85° is presented  in Fig. 5.

No complex form ation could be observed betw een poly-A and  po- 
ly-M e-rT under the above standard  conditions. An increase in NaCl con
centration to 1 m and  a decrease in tem pera tu re  to  4° gave only a sim 
ple m ix ture  for which the  optical density  was alw ays th e  arithm etic  sum 
of the  two components.

Instability  of polym ers, (a) To neu tra l solutions of yeast RNA 
(5 mg./ml.) w ere added, respectively, poly-rT  and poly-M e-rT to  a final 
concentration of 0.5 m g./m l. A liquots of both solutions, as well as tha t 
of a control not containing synthetic  polym er, w ere chrom atographed 
in solvent В  a t in tervals of several hours. Follow ing 20 hr. incubation 
at room tem perature, the  test solution did not d iffer from  the  control, 
(b) Solutions of poly-rT  and  poly-M e-rT (each at a concentration of 
5 mg./ml.) in  sealed am poules were heated on a w ater ba th  for 5, 30 and 
65 min., left at room tem pera tu re  for 18 hr., and  then  chrom atographed 
in solvent B. The sam ple heated  for 5 m in. was found to have under
gone the m ost extensive degradation. That which had been heated  for 
65 min. was practically  identical chrom atographically  to  a sam ple chro
m atographed im m ediately a fte r  heating. Poly-U  under the  foregoing 
conditions was unaffected, (c) Solutions of poly-rT  and poly-U (5 mg./m l.) 
w ere brought to pH 2.5 and  their ra te  of hydrolysis followed by chro
m atography in solvent B. A fter 4 hr. a t room tem p era tu re  poly-U was 
unchanged, i.e. no oligonucleotides could be observed; following 20 hr. 
oligonucleotides, including dinucleotides, m ade the ir appearance. Poly-rT  
showed signs of hydrolysis sho rtly  a fte r acidification; following 20 hr. 
the  high m olecular weight polym er had en tire ly  disappeared, to  be re 
placed by oligonucleotides, and  som e dinucleotide and monomer.

T able  3

Hydrolysis o f poly-ribothymidylic acid catalysed by pancreatic ribonuclease
Details see text

Time of incu
bation (min.)

Hydrolysis products

Polymer Oligonucleotides Dinucleotide Monomer

10 +  + +  +  + trace trace
20 + +  +  + +  + +
30 — +  + +  +  + +  +
60 — + +  +  + H— I— b

120 — trace +  + +  +  +
480 — — — +  +  +
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Metachromasia. Both poly-rT and  its m ethy la ted  analogue exhibited 
pronounced m etachrom asia against tolu idine blue, using a dye concen
tra tion  of 10~4 M and  a polym er concentration of 7X 10~5 m. Change of 
colour was observed visually against a control solution of the  dye alone. 
For poly-rT  th e  degree of m etachrom asia increased w ith  decreasing 
tem perature; and decreased, but did not disappear, on raising th e  tem 
pera tu re  to 60°. The degree of m etachrom asia of poly-M e-rT was unaf
fected by m odifications of tem perature.

Enzym ic tests. Pancreatic ribonuclease (Armour): (a) Poly-rT , 3 mg./ 
ml. in  0.12 м-phosphate buffer, pH 7.2, containing 0.01 M-MgCl2, was 
trea ted  w ith ribonuclease a t a concentration of 3 ixg./ml. A control con
tained no enzyme and a th ird  sam ple contained poly-U and  enzyme. 
Incubation w as a t 22° w here poly-rT  is largely  in the  helical form. The 
course of hydrolysis was followed chrom atographically  in solvent B, the  
relative am ounts of each component being estim ated visually, w ith the 
results for poly-rT as shown in Table 3. The resu lts  for hydrolysis of 
poly-U w ere identical. In  th e  control sam ple a fte r 4 hr. traces of oligo
nucleotides w ere present. At considerably higher enzym e concentrations, 
used for determ ination of residual hyperchrom icity  of poly-rT, hydro
lysis was very  rapid, (b) A 1 : 1 complex of poly-rT  w ith  poly-A was 
prepared at a concentration of poly-rT  of 3 mg./m l. in 0.15 м-phosphate 
buffer, pH 7.2. Enzym e was added to a concentration of 15 n-g./ml. Traces 
of ribosethym inephotsphate could be detected  after 10 min. incubation a t 
room tem perature. Following 30 min. incubation th e  am ount of m ono
m er had increased to  16% and, a fte r 6 hr. incubation, only  monomer 
was present. Poly-A  was unaffected and  rem ained at th e  sta rting  point 
on the chrom atogram s, (c) No hydrolysis of poly-M e-rT could be de
tected under th e  foregoing conditions even w hen the  ra tio  of enzym e to 
substra te  was increased to  1 : 10.

Snake venom (Crotalus adam anteus): In a typical experim ent 3 - 5  
mg./ml. polym er in 0.1m -borate buffer, pH 8.9, was trea ted  w ith lyophi- 
lized venom at a concentration of 0.3 - 0.5 mg./ml. Both poly-rT  and po- 
ly-M e-rT w ere com pletely transform ed to  th e  nucleosides.

The au thors are  particu larly  indebted to Dr. M. G rundberg-M anago 
and Prof. S. Ochoa for gifts of polynucleotide phosphorylase.

SUMMARY

Poly-ribothym idylic acid (poly-rT) and  poly-(N -m ethyl-ribothym idy- 
lic) acid (poly-Me-rT) have been prepared and their properties com pared 
with those of poly-U and  poly-MeU.
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The residual hyperchrom icities of all four polym ers a re  sim ilar, 
7 - 9%. Poly-rT  exhibits very  h igh tem pera tu re  hyperchrom icity  w ith 
a Tm of 36° in 0.01 M-MgCl2 as com pared to  the  m uch lower hypochro
m icity of poly-U with a Tm of 8.5°. At 25 -3 0 ° , w here poly-U is in the  
form  of a random  coil, poly-rT  possesses a  highly ordered configuration.

As previously observed for poly-MeU, poly-M e-rT exhibits no tem 
pera tu re  hyperchrom icity and  hence no secondary s tru c tu re  under any 
conditions. Q ualitative studies of m etachrom asia are  in agreem ent w ith 
the foregoing and  show that the  m etachrom asia of: polynucleotides 
against basic dyes is dependent both on the  linear s tru c tu re  of a poly
m er and its  secondary structu re .

L ike poly-MeU, poly-M e-rT is com pletely resistan t to  pancreatic ribo- 
nuclease.

The tw in-stranded  complex of poly-rT w ith  poly-A is considerably 
m ore stab le than  th a t of poly-U w ith poly-A, the Tm being 20° higher. The 
base pair A-T is therefore  not equivalent to th e  base pair A-U, a finding 
of som e significance w ith  respect to nucleic acid s truc tu re .

Poly-M e-rT is incapable of complexing w ith  poly-A, in  agreem ent 
w ith the  W atson-Crick hypothesis according to which one of the  hydro
gen bonds in  the  base pair A-U involves the  ring  N3 n itrogen  as a hydro
gen donor.

Both poly-rT  and poly-M e-rT undergo slow, spontaneous, degrada
tion in aqueous m edium  at room  tem perature . Evidence has been pre
sen ted  to show th a t this is due  to the presence in polynucleotide phos- 
phorylase of traces of a  h ighly  specific phosphodiesterase inactive against 
poly-U or yeast RNA.

The results, and  the ir im plications w ith  respect to  th e  s truc tu re  of 
nucleic acids and synthetic  polynucleotides, a re  discussed. In  particular, 
it is concluded that the  s tab ility  of polynucleotide helices is not due solely 
to the streng th  of the  tw in -strand  hydrogen bonds, b u t m ust involve 
additional factors, the  precise n a tu re  of which rem ains to be established.

R E F E R E N C E S

[1] B alton  J. R., C a rr in g to n  & M cL ach lan  A. D. -  M ol. P hys. 5, 31, 4962.
[2] B row n H. C. & B a rab as  G. K. -  J . A m . C hem . Soc. 69, 1137, 1947.
[3] C rick  F. H. C. & W atson  J. D. -  Proc. R oy. Soc. A . 223, SO, 1954.
[4] Dekkeir C. A. -  A n n . R ev . B lochem . 29, 453, 1960.
[5] D oty  P., B o ed tk e r H., F resco  J . R., H a ll B. D. & H a se lk o rn  R. - A nn . N .Y .

A cad . Sci. 81, 698, 1959.
[6] E vans D. P ., W atson  H. B. & W illiam s R. -  J. C hem . Soc. p. 1349, 1939.
[7] F ox  J. J . & S h u g a r D. -  B ull. Soc. C him . B eige  61, 44, 1952.

http://rcin.org.pl



[19] SECONDARY S T R U C T U R E  O F P O L Y -rT 105

[8] F o x  J. J., Y u n g  N., D avo ll J . & B row n G. B. - J. A m . C hem . Soc. 78, 2117, 
1956.

[9] G e lle r t M. -  J. A m . C hem . Soc. 83, 4664, 1961.
[10] G ie re r A., S ch ram m  G. -  N a tu re  177, 702, 1966.
[11] G ilh am  P. I. & K h o ra n a  H . G. - J. A m . C hem . Soc. 80, 6212, 1958.
[12] G riffin  В. E., T odd  A. R. & R ich A. -  Proc. N atl. A cad . Sci. 44, 1123, 1958.
[13] G ru n b e rg -M a n a g o  М., O rtiz  P. & O choa S. - B iochim . B iophys. A c ta  20, 269, 

1956.
[14] H a ll R. H. & K h o ra n a  H. G. - J. A m . C hem . Soc. 77, 1871, 1955.
[15] Ja n io n  C. & S h u g a r  D. -  A cta  B iochim . Polon. 7, 309, I960.
[16] K issm an  H. М., P id ack s  C. & Bak&r R. B. -  J. A m . C hem . Soc. 77, 18, 1955.
[17] K it S. & H su  Т. C. -  B iochem . B io p h ys. Res. C om m . 5, 120, 1961.
[18] L a la n d  A. G., L ee  W. A., O verend  W. G. & P eacocke  A. R. -  B iochim . B iophys. 

A c ta  14, 356, 1954.
[19] L ev en e  P. & T ipson  R. S. - J. Biol. C hem . 106, 113, 1984.
[23] L ip se tt M. N- -  Proc. N a tl. A cad . Sci. U S  46, 445, 1960.
[21] M a rm u r J. & D oty  P. -  N a tu re  183, 1427, 1969.
[21a] M a rm u r J., R ow nd  R. & S c h ild k ra u t C. L . in  Progress in  N ucle ic  A c id s  R e 

search  (Eds. J . N. D av idson  & W. E. C ohn) vol. 1. A cadem ic P re ss , N ew  Y ork, 
L ondon  1963. (in p ress)

[22] M ichelson  A. M. -  J. C hem . Soc. p. 1957, 1958.
[23] M ichelson  A. M. -  N a tu re  182, 1502, 1958.
[24] R econdo  E. F. & R ey d e rk n ech t H. -  H elv . C him . A c ta  42, 1171, -1959.
[25] R ich A. -  B ioch im . B io p h ys. A c ta  29, 502, 1958.
[26] R ich  A., 11-em e C onseil de C h im ie , In s t. In te r , de C h im ie  S o lva y , S toops,

B ru x elles , 1959.
[27] R ich A. -  Proc. N atl. A cad . Sci. U S  46, 1044, 1950.
[28] R ich A. & D av ies D. R. - J. A m . C hem . Soc. 78, 3548, 1956.
[29] R ich A. & K a sh a  M. -  J. A m . C hem . Soc. 82, 6197, 1960.
[30] R ich A. & T inoco J . - J. A m . C hem . Soc. 82, 6409, 1960.
[31] S che llm an  J. A . -  C om pt. R end . T ra v . Lab . C arlsberg, Ser . C him . 29, 15, 1955.
[32] S c h ild k ra u t C. L., M a rm u r J., F resco  J. R. & D oty  P. -  Biol. C hem . 36, PC3,

11961.
[33] S h u g a r D., in  T h e  N ucle ic  A c id s  (E. C h a rg a ff  & J. N. D av idson  eds.), vol. I l l ,  

p. 39, A cad. P re ss , N ew  Y ork , L ondon, 1960.
[34] S h u g a r D. -  B ull. A c a d ■ P olon. Sci., Ser. B iol. 1, 39, 1953.
[35] S h u g a r  D. & F o x  J. J . -  B ioch im . B iophys. A c ta  9, 199, ‘195(2.
[36] S zer W. & S h u g a r  D. -  A c ta  B ioch im . P olon. 7, 491, I960.
[37] Szeir W. & S h u g a r  D. -  A c ta  B ioch im . Polon. 8, 285, 1901.
[38] Szer W. & S h u g a r  D. -  A c ta  B ioch im . P olon. 8, 363, 1961.
[39] S zer W. & S h u g a r  D. -  A c ta  B iochim . P olon. 9, 131, 1962.
[40] T en er G. М. -  J. A m . C hem . Soc. 83, 159, 1991.
[41] T inoco J . -  J. A m . C hem . Soc. 82, 4782, 196Ю.
[42] W arn e r R. C. -  A n n . N .Y . A cad . Sci. 69, 314, 1957.
[43] W atson  H. B., M odern  T h eo rie s  o f O rganic C h em is try ,  O x fo rd  U n iv ers ity

P re ss , 1941.
[44] W ierzchow sk i К . L. & S h u g a r  D. - J. P ho tochem . P hotobio l. 1, 21, 1962.
[45] W itzel H. -  L ieb ig s C hem , A n n . 635, 191, 1960.

http://rcin.org.pl



106 W. SZER , M. S W IE R K O W S K I a n d  D. SH U G A R [2 0 ]

STR U K TU R A  D RU G O R ZĘD O W A  K W A SÓ W  PO LI-U R Y D Y LO W E G O  
I PO LI-R Y B O T Y M ID Y L O W EG O , IC H  N -M E T Y L O W A N Y C H  A N A LO G Ó W  O R A Z  

K O M PL E K SÓ W  Z K W A SEM  PO L I-A D E N Y L O W Y M

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

Przeprowadzono syntezy kw asu po И-rybo tym i dylowego- (poli-rT) 
i kw asu poli-N -m etylorybotym idylow ego (poli-M e-rT); porównano ich 
właściwości z właściwościami poli-U i poli-MeU.

W artość hiperchrom azji szczątkowej w szystkich czterech polirybonu- 
kleotydów jest podobna i wynosi 7 - 9%. Poli-rT  w ykazuje bardzo w y
soki tem peraturow y efekt hipochrom owy i tem pera tu rę  połowicznego 
rozpadu s tru k tu ry  drugorzędowej (Tm) w 0.01 M-MgCl2 36° w odróżnieniu 
od poli-U, k tó ry  posiada znacznie niższą hipochrom azję tem peraturow ą 
i Tm 8.5°. W tem peraturach  25 - 30° łańcuch poli-U jest nieuporządko
wany, natom iast poli-rT  posiada wysoce uporządkow aną s truk tu rę .

Poli-M e-rT, podobnie jak poli-MeU, nie w ykazuje tem peraturow ej 
hipochrom azji i wobec tego nie posiada drugorzędowej s tru k tu ry  w  roz
tw orach w  najbardziej sprzyjających w arunkach tem pera tu ry  i siły  jo
nowej. Ilościowe oznaczenia efektu  m etachrom owego w stosunku do za
sadowych barw ników  są zgodne z powyższym i w ykazują, że m etachro- 
m azja zależy od liniowej s tru k tu ry  polirybonukleotydu i od jegO' d rugo
rzędowej s truk tu ry .

Poli-M e-rT jest całkowicie odporny na działanie rybonukleazy trz u s t
ki, podobnie jak poli-MeU.

Kompleks złożony z podwójnego łańcucha poli-rT  i poli-A jest znacz
nie trw alszy od kom pleksu poli-U i poli-A i posiada Tm o 20° wyższą 
niż ten  ostatni. P a ra  uzupełniających się zasad A-T nie jest więc rów 
noważna parze A-U, jak  przyjm ow ano dotychczas, oo posiada określone 
znaczenie w  s tru k tu rze  kwasu nukleinowego.

Poli-M e-rT nie tw orzy kom pleksów z poli-A; jest to  zgodne z m ode
lem W atsona-Cricka, k tó ry  przew iduje, że jedno z wiązań wodorowych 
w parze A-T zawiera pierścieniowy N3 jako donor wodoru.

Poli-rT  i poli-M e-rT w roztworach wodnych w tem pera tu rze  pokojo
wej ulegają powolnej, spontanicznej degradacji. Przedstaw iono dowo
dy, że jest to proces związany z obecnością w  p reparatach  polinukleoty- 
dowej fosforylazy wysoko specyficznej fosfodwuesterazy, n ieaktyw nej 
w stosunku do RNA z drożdży i poli-U.

O trzym ane wyniki przedyskutow ano w odniesieniu do s tru k tu ry  kw a
sów nukleinowych i polirybonukleotydów. W szczególności w yciągnięto 
wniosek, że trw ałość podwójno-łańcuchow ych kom pleksów polinukleoty- 
dów jest uw arunkow ana nie tylko' siłam i wiązań wodorowych pomiędzy 
uzupełniającym i się zasadami; wchodzą tu  w  grę dodatkowe czynniki 
stabilizujące, których charak ter pozostaje do zbadania.

R eceived  7 S ep tem b er 1962.
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CHANGES IN PHOSPHOLIPIDS DURING AUTOLYSIS 
OF RAT BRAIN AND LUNG

D ep a rtm en t o f B iochem istry , M edical School, G dańsk

Lysolecithin, a substance know n for its lytic properties, has been 
found in  lipid ex tracts  of a  num ber of m am m alian tissues. The origin of 
lysolecithin found in the tissues post-mortem, is not clear although there  
is evidence that it is present in  living tissues [14, 11]. The m ajority  of 
papers, as far as we a re  aware, w ere concerned only w ith  phospholipids 
behaviour during  post-m ortem  autolysis. F a irba irn  [5] has found tha t 
im m ediately a f te r  death  there  is a rap id  increase in free fa tty  acids in 
the  tissues, which can be accounted for by partial hydrolysis of the  
phospholipids. However, m uch slow er breakdow n of phospholipids was 
observed by o ther au thors [6, 17].

This paper is concerned with a study  of the  behaviour of lysolecithin 
and  o ther phospholipids during  autolysis of ra t  brain and lung.

EXPERIMENTAL

Anim als and tissues. Albino ra ts  of both sexes aged 3 - 6  m onths 
w ere killed by decapitation. The brain and  lungs were rem oved as soon 
as possible w ith  sterile  instrum ents. B rain  w ithout cerebellum  and  lungs 
w ith rem oved trachea and  m ain bronchial tubes, w ere used. For experi
m ents w ith  whole organs, brain  and  lungs w ere cut in to  two parts, left 
and righ t, one p a rt being used as a control. The tissue homogenates w ere 
p repared in a Potter-E lvehjem  hom ogenizer w ith M/15 phosphate buffer, 
pH 6.5, in  proportion of 3 ml. of buffer per 1 g. of fresh tissue. The 
homogenates w ere squeezed through a double layer of gauze.

Incubation. All incubations w ere carried  out a t 25°. The in tact tissues 
w ere incubated in s te rile  vessels w ith  tigh t-fitting  glass stoppers. The 
hom ogenates w ere incubated in 22X90 mm. test tubes. In some experi
m ents the  hom ogenate before incubation was heated on a w ater bath  
a t 6 5 °± 2 ° for 15 min. The sterilization of vessels and  instrum ents was 
carried  out by 20 min. boiling in w ater and  drying at 120 - 150°.
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Extraction of lipids. These w ere  ex tracted  w ith  chloroform  - m etha
nol (2:1, v/v) according to  Folch et al. [7], 19 ml. of the  solvent m ix tu re  
being used per 1 g. of fresh  tissue o r 1 m l. of hom ogenate. The extrac 
was filtered and the solution washed w ith  1/5 of its volum e of distilled 
w ater. A fter centrifuging, th e  upper phase was discarded and the  lower 
phase washed th ree  tim es w ith m ethanol - w ater - chloroform  (48:47:5, 
by vol.). The washed ex tract was evaporated to  dryness in vacuo a t no 
m ore than  50°, and left overnight in  a desiccator over CaCl2 under re 
duced pressure. The d ry  residue was dissolved in  a m inim um  volume 
of chloroform. Samples of chloroform  solution equivalent to 2 - 5 mg. of 
fresh tissue were taken  for the  determ ination  of to ta l phospholipids phos
phorus, and the  rem ainder was applied quan tita tive ly  to  a chrom ato
graphic column.

Chromatographic separation. The columns of silicic acid or alum ina 
w ere used. The m ix tu re  of 2 g. of silicic acid (activated at 120° over
night) and 1 g. of H yflo-Supercel was tran sfe rred  to  a colum n as a s lu rry  
in chloroform. The columns w ere about 9X130 mm. The chloroform  so
lution of lipids equivalent to  500 - 800 mg. of fresh  tissue was tran s
ferred  quantita tively  to a colum n which was then  w ashed w ith 20 ml. 
of chloroform. The elution based on H anahan et al. [8a] procedure was 
perform ed as follows: 50 ml. of chloroform  - m ethanol (9:1, v/v) w as 
used to  elu te cephalins; 150 ml. of chloroform  - m ethanol (3:1, v/v) to 
elu te lecithin and sphingom yelin; and 50 ml. of m ethanol to elute lyso- 
lecithin. A pproxim ately half of the  phosphorus of the  last fraction cor
responded to lysolecithin, and the  rest to  sphingom yelin. Fig. 1 illu s tra 
tes the  elution p a tte rn  of brain  lipids.

CHClr CH30H

Fig. 1. T he e lu tio n  p a t te rn  o f b ra in  lip id s sep a ra ted  on silicic acid  -  H yflo  -  S u p e r-  
cel colum n. P e a k  (a) co rresp o n d s to  cepha lin s  (p h o sp h a tid y le th an o lam in e , p h o s- 
p h a tid y lse rin e , p h o sp h a tid y iin o sito l); p eak  (b), to  le c ith in  and  sph ingom yelin ;

p e a k  (c), to  ly so lec ith in

[2 ]
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To separa te  lysolecithin, the last fraction was taken up to  dryness 
under reduced pressure and dissolved in chloroform  - m ethanol (2 :1, v/v). 
Sam ples equivalent to 100 - 200 mg. of fresh tissue w ere spotted  in du
plicate onto th e  silicic acid im pregnated paper and developed as described 
previously [13].

Some experim ents w ere carried out on alum ina colum ns loaded with 
3 g. of АЬОз as a s lu rry  in chloroform . The chrom atography was per
form ed a fte r Davison & W ajda [la]. Lipid chloroform solution equi
valent to  500 -  800 mg. of fresh  tissue was transferred  quantita tively  
to a colum n which was then w ashed w ith  30 ml. of chloroform . Next 
30 m l. of chloroform  - m ethanol (1:1, v/v) was used to  elute choline-con
tain ing phospholipids, and  50 ml. of chloroform  - ethanol - w ater (2:5:2, 
by vol.) to  e lu te  cephalins. To com pare the  elution pa tte rn  from  silicic 
acid and alum ina columns, the  sam e am ounts of lung lipid ex tract w ere 
applied to both columns. From  th e  silicic acid colum n 6.3 nmoles of 
cephalins and 13.3 nmoles of choline-containing phospholipids w ere ob
tained, and from  the  alum ina colum n 6.4 ц-moles and  11.7 nmoles, res
pectively.

Analytical methods. Lipid phosphorus was determ ined  by the  m e
thod of E rnster, Zetterstrom  & Lindberg [4] as modified by Stricland, 
Thompson & W ebster [18]. Lysolecithin was determ ined as described 
previously [13].

Reagents. The organic solvents were of analytical grade. Silicic acid 
“for chrom atography, 325 m esh” was purchased from  Bio-Rad Labora
tories, U.S.A. “A lum ina”, alum inium  oxide, Hopkin W illiams Ltd., En
gland, 100 -200  mesh, Brockm an activ ity  1 -2 .

RESULTS AND DISCUSSION

Controls. The brain  hem ispheres as well as the  lung lobes w ere exa
m ined separately  for lipid content. The results shown in Table 1 indi
cate tha t no significant differences w ere found betw een the  righ t and 
left parts of the  organs tested.

According to Dawson [2] the  analytical resu lts a re  ra th e r  doubtful if, 
under non-sterile  conditions, the  tim e of autolysis is longer than  24 hr'. 
In  th e  present experim ents several precautions w ere  taken to  avoid bac
terial infection (sterilization of instrum ents and of incubation vessels, 
disinfection of hands). The surfaces of brain  and lung w ere assayed for 
s te rility  on blood agar. The blood plates w ere incubated for 24 hr. a t 
38° and  the colonies w ere counted. The brain  ju st a fter rem oval, and 
kept for 4 hr. a t 25° was practically  s te rile  (0 to  2 colonies per plate); 
a fter 24 hr., however, th ere  w ere 20 - 50 colonies per plate. The lungs 
even a fte r  24 hr. incubation w ere practically  s te rile  (0 to 1 colony per 
plate). It should be m entioned th a t th e  lungs w ere rem oved from  th e
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T able 1

Content of phospholipids in the right and left brain hemispheres and lung lobes 
The lipids were separated on alunjina column. Details see text

%
Che line phos-

Tissue Part
Total lipids phatides Cephalins

(//moles P/g. fresh tissue)

Brain right 63.7 27.9 23.7
left 66.7 29.1 20.0

Brain right 64.0 30.2
left 63.0 30.1 —

Brain right 67.4 33.8 _
left 69.8 34.1

Brain right — 26.0 23.3
left — 26.6 24.7

Brain right 72.6 27.9 24.4
left 71.2 28.6 24.4

Lung right 32.7 16.6 10.5
left 32.1 15.6 10.2

Lung right 31.0 14.9 10.2
left 30.7 16.0 11.0

body through the abdom inal cavity but w hile rem oving the  brain it was 
d ifficult to avoid an  infection. It seems, however, th a t m icroorganism s 
growing on brain  surface have no influence on lipids in the  tissue while 
it is kept a t 25° for 24 hr. To' exam ine the  influence of bacterial infec
tion on lipid m etabolism  in tissue homogenates, antibiotics w ere added 
before incubation. No difference in lipid content was found between 
lung hom ogenates incubated for 24 hr. w ith and  w ithout penicillin. The 
autolysis of tissue lipids in the  presence of streptom ycin  was even faster 
than in the  hom ogenate alone.

Phospholipids during autolysis. The high content of phospholipids and 
the  low ra te  of their tu rnover a re  characteristic  for brain; in  lung the 
content of lipids is lower but there  is an  active phospholipids m etabo
lism. Therefore these two tissues w ere chosen for experim ents. Table 2 
represents the  am ounts of phospholipids in  in tact b rain  and  lung at 0 
tim e and  a fte r autolysis for 24 hr. The ra te  of the  breakdow n of indivi
dual phospholipid fractions, except lysolecitnin, was sim ilar. T here were 
no significant 'differences betw een the  decomposition of phospholipids 
in in tact brain  and in brain hom ogenate. The ra te  of breakdow n of lung 
lipids, except lysolecithin, was significantly  g rea ter th an  th a t  of brain 
lipids. The breakdow n of these substances in  lung hom ogenate w as much 
faster than  in in tact tissue. Table 3 presents th e  decomposition of total
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phospholipids during autolysis of d ifferen t r a t  tissues, and  the  da ta  of 
several authors are com pared w ith the  present resu lts.

Lysolecithin in lung hom ogenate during  24 hr. autolysis behaved 
like o ther phospholipid fractions, i.e. its am ount decreased a t a sim ilar 
rate. However, in in tact lung and in both in tact and homogenized brain, 
the  am ount of lysolecithin increased considerably a fte r  24 hr. autolysis. 
Such a behaviour of lysolecithin does not agree w ith  the supposition 
tha t lysolecithin is an artifac t form ed during the  isolation procedure [1], 
but seem s to indicate th a t lung and brain  cells possess an enzymic system  
able to form  and to  break down lysolecithin. In  o ther com m unications 
this possibility was also supposed [9, 19, 12]. However, no suggestions 
concerning the m echanism  of the  changes in  lysolecithin content du ring  
prolonged autolysis can yet be made.

The effect  of heating. It is know n th a t anim al phospholipase A from  
d ifferen t sources is strong ly  resistan t to heating especially at pH be
low 7, the  only exception being phospholipase A from  intestinal m ucosa 
[3, 15, 10, 20]. To ascertain  w hether the  increase in  lysolecithin content 
during the autolysis was due  to the  action of phospholipase A, the  effect 
of heating was examined. For this purpose the  b rain  and  lung homo- 
genates ad justed  to pH 6.5 w ere  heated  for 15 min. a t 65°, and  then  
incubated for 24 hr. a t 25°. Fig. 2 illu stra tes th e  resu lts  of analysis (6 to 
12 individual experim ents); it can be seen th a t heating inhibited v irtu a lly  
com pletely the  autolytic  changes in the  content of lysolecithin and o ther 
phospholipids. This heat-susceptib ility  seem s to indicate that the  system  
producing lysolecithin is d ifferen t from  phospholipase A.

Fig. 2. E ffec t of h e a tin g  fo r 15 m in. a t  65° on  phosp h o lip id  f ra c tio n s  fo u n d  in  tis su e  
hom ogenates au to ly sed  fo r  24 h r. a t  25°. T h e  v a lu es  a re  av e rag es  fro m  6 to  
12 d e te rm in a tio n s . (1), P  o f to ta l p h o sp h o lip id s; (2), P  o f cho line  p h o sp h a tid e s ; 

(3), P  of cep h a lin s ; (4), P o f ly so lec ith in
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The com parison of lysolecithin content in  tissue not subm itted  to 
auto lysis (control experim ents) w ith the  content a fte r autolysis w ith 
and  w ithout heating, suggests th a t lysolecithin found in  the  tissue is not 
an a rtifac t and that during autolysis of brain  the  increased am ount of 
lysolecithin is form ed enzymically.

Effect  of the  duration of autolysis. The tim e-rate  of th e  breakdow n 
of phospholipids is shown in Fig. 3. Phospholipid fractions w ere deter
m ined in in tac t tissues a t 0 tim e and  a fte r  autolysis for 1, 4 and  24 hr.

Fig . 3. T h e  tim e - ra te  o f th e  decom position  o f phospho lip id s  in  in ta c t b ra in  an d  
lung . T h e  d a ta  re p re se n tin g  m ean  v a lu e s  o f phospho lip id s  decom posed a re  

ex p ressed  in p e rcen tag es  o f th e  in itia l co n ten t

A fter 1 hr. incubation no significant breakdow n of b rain  and lung phos
pholipids was observed. L ater the  decomposition of cephalins was faster 
than  of choline phospholipids. The phospholipid-splitting m echanism  in 
lung appeared to  be m ore active th a t in brain.

Effect  of  various factors. A t 0° th e  breakdow n of phospholipids in  
in tact b rain  was com pletely inhibited. In intact lung, low tem peratu re  
(0 °) did not prevent autolysis, and  som e breakdow n of phospholipids was 
observed.

At pH 6.5 the  decomposition of phospholipids in  tissue hom ogenates 
was g rea ter than  a t pH 7.4.

The addition of Hg2+ in 1 т м  concentration reduced the  autolysis in 
about 50% as com pared w ith the  control experim ent. M ercuric ion in 
2 т м  concentration inh ib ited  com pletely the  au to ly tic  changes in  phos
pholipids, including lysolecithin.

Conclusion. The presented resu lts indicate tha t in ra t  brain  and lung 
a thermo-labile system  is present w hich is able to produce and decom
pose lysolecithin. This system  seem s to  be responsible for th e  changes
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T able 3

Total phospholipids decomposition during autolysis o f rat tissues according to several
authors

1

Tissue tested

Tem
pera

ture of 
incu

bation

Time of incubation (hr.)
I I 

1 4 j 6 24 Author

Phospholipids decomposed 
(%)

Liver slices 37° 0 - 3 19-44 Fishier et al. [6]
Liver pieces 38° 26 Sperry et al. [17]
Liver homogenate 38° 40 Fairbaim [5]
Intact brain 38° 10- 12 Sperry et al. [17]
Intact brain 25° 0 - 3 3 11 present results
Brain homogenate 38° 5- 1 2 12- 20 Fries et al. [8]
Biain homogenate 38° 8 Speiry [16]
Brain homogenate 25° 13 present results
Intact lung 25° 0 - 3 6 - 9 21 present results
Lung homogenate 25° 64 present results

T able 4

Effect o f various factors on the content o f phospholipids during autolysis o f rat brain
and lung

Typical conditions of autolysis: 25°, 24 hr., pH 6.5

Tissue
Factor
applied

Time of incubation (hr.)
1 1 

0 j 8 24

Total lipids 
(yumoles P/g. fresh tissue)

Intact brain 0° 67.6 . 65.8
Intact brain 0° 67.8 — 66.2
Intact lung 0° 33.2 — 30.5
Intact lung 0° 31.4 — 27.4
Lung homogenate none 25.2 13.7 —
Lung homogenate Hg2+, 1 т м 24.6 18.7 —
Lung homogenate Hg2+, 2 т м 24.6 24.6 —

Lung homogenate none 25.2 13.7 —
Lung homogenate pH 7.4 26.0 18.2 —

in lysolecithin content occurring during autolysis of the  tissue. In brain 
hom ogenates during 24 hr. autolysis the  am ount of lysolecithin increased, 
w hereas in lung hom ogenates it dim inished. The increase of lysolecithin 
was probably not due to phospholipase A action.
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For quan tita tive  studies of phospholipids, including lysolecithin, the  
tissues should  be analysed .within 1 hr. a fte r the  death of the  anim al. 
The storage of the tissue at 0° prevents the  autolytic changes in phos
pholipids bu t only when the tissue is cooled im m ediately a fte r its rem o
val from  th e  body.

The au tho rs wish to thank  Mrs. Melania Łabuda for expert technical 
assistance.

SUMMARY

1. D uring post-m ortem  autolysis for 24 hr. a t 25° the content of ce- 
phalins and choline phospholipids decreases both in in tact ra t brain  and 
in brain  hom ogenate. In in tact lung the decrease is g reater than  in 
brain, and  is still g rea ter in lung homogenate.

2. Lysolecithin content in lung hom ogenate decreases, but in  brain 
and in tact lung it increases considerably during  autolysis.

3. The heating of hom ogenates a t 65° before autolysis inhibits the  
changes in  phospholipid content.
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ZM IA N Y  PO ZIO M U  F O S F O L IP ID Ó W  W C ZA SIE  A U T O L IZ Y  M Ó ZGU  I PŁ U C
SZCZU RA

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

1. Podczas 24-godz. autolizy nienaruszonego mózgu i hom ogenatu 
mózgu szczura w tem peratu rze 25° u legają rozpadowi kefaliny oraz 
fosfolipidy zaw ierające cholinę. Rozpad w płucach nienaruszonych jest 
większy niż w mózgu; najw iększy rozpad obserwowano w hom ogena- 
tach płuc.

2. Poziom lizolecytyny zmniejsza się w hom ogenatach płuc, nato 
m iast znacznie w zrasta w mózgu i w nienaruszonych płucach.

3. Ogrzanie hom ogenatów do 65° przed autolizą ham uje niem al cał
kowicie rozpad fosfolipidów.

R eceived 22 S ep tem b er 1962.

[10]
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KONSTANCJA RACZYNSKA-BOJANOWSKA and INA GĄSIOROWSKA

NAD GLYCOHYDROLASE IN CARP LIVER

D ep a rtm en t o f P hysio log ica l C h em is try , M edical School, W arszaw a

N icotinam ide-adenine dinucleotides (NAD and  NADP) a re  cleaved 
enzym ically  in  the  anim al tissues e ither a t the  pyrophosphate linkage 
by pyrophosphatase or a t the N -ribosyl-nicotinam ide linkage by specific 
NAD glycohydrolases (NADases). The la tte r  enzymes from  various 
sources, except N  eurospora enzyme, a re  universally  inhibited by nicotin
am ide but show  an  in teresting species-dependent specificity w ith 
respect to inhibition  by isonicotinyl hydrazide (INH) [12]. This specifi
city was found to be associated w ith a second function of these enzymes
i.e. th e  ability  to  catalyse the tran sfe r reaction resu lting  in  form ation 
of NAD or/and  NADP analogues. In the  “IN H -insensitive” system s 
th is  m ode of action m ay dom inate w ith  com plete suppresion of the 
hydrolytic function. K aplan therefore  postulated th a t NADases in  
an im als a re  p rim ary  transglycosidases ra th e r than  hydrolytic enzy
m es [5].

Hydrolysis: N A D + + H O -H  -> H O -ribose- A D P + n ico tin am id e+ H + 
T ransfer reaction: N A D ++IN H  ;z± IN H + «ribose-A D P+nicotinam ide.

In  ou r studies on fishes we found th a t NADase in  the  ex tract from  
carp liver m itochondria was so active as to  enable NA D -dependent 
deam ination of glutam ic acid. In connection w ith this high activ ity  it 
appeared th a t carp liver m itochondria a re  a good object for studying  
specificity and function of NADases whose function in  cell m etabolism  
m ay be not lim ited to  hydrolytic properties.

EXPERIMENTAL

Materials and m ethods

Preparation of the  extracts from  the subcellular fractions. All opera
tions w ere conducted a t 0° - 4°. Carp (Cyprinus carpio) liver, ra t liver, 
and  pig brain w ere  homogenized in  10 vol. of 0.25 м-sucrose and were

[1 1 7 ]http://rcin.org.pl
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fractionated as described by Hogeboom [3] in the  Servall Superspeed 
centrifuge w ith SS-34 rotor. Microscopic exam ination of the  nuclear 
fraction revealed only single und isrup ted  cells. M itochondria w ere 
separated  at 10 000 g and w ere w ashed twice. The m icrosom al fraction 
was spun down at 37 000 g and contained the  bulk  of microsomes. The 
isolated subcellu lar fractions suspended in  0.05 м-phosphate buffer, 
pH 7.6, w ere kept overnight in a re frigera to r and  w ere then  d isrupted 
in a glass P o tte r  hcmogenizer. The ex tracts thus obtained were 
centrifuged for 15 min. a t 4000 - 6000 g. The sam ples su itab ly  diluted 
were used for enzymic assays.

The pig brain  NADase was purified  according to Zatm an, Kaplan, 
Colowick & C iotti [13]; the  enzym e passed in to  superna tan t upon 
a 10 min. trea tm ent in the  20 kc. sonic oscillator. The activ ity  was 
5 units/m l. of the  supernatan t fluid.

Reagents. INH analogue of NAD was synthesized w ith th e  purified 
pig brain  NADase a fte r  Zatm an et al. [13], and  its spectrum  was 
compared w ith  th a t given by the  same authors. N icotinam ide-adenine 
dinucleotide (NAD) (C. F. B eehringer & Soehne, M annheim); n icotina
m ide-adenine dinucleotide phosphate (NA=DP) (Carl Roth, K arlsruhe); 
isonicotinyl hydrazide (INH) was a gift from  the D epartm ent of Organic 
Technology of the  W arsaw Politechnic School. N icotinam ide (H urtow nia 
Farm aceutyczna, Katowice), alcohol dehydrogenase (N utritional Bio
chemicals Corporation U.S.A.), tr is  (Sigma), potassium  cyanide (H ur
townia Farm aceutyczna, Katowice), tann in  (CeFarm, Gliwice).

The enzym e assay. D eterm ination of the  NADase and NADPase 
activ ity  was based on m easurem ents of the  decrease in  extinction 
a t 325 тц. of NAD or NADP cyanide com plex [2] and of NAD a t 340 mu 
w ith the yeast alcohol dehydrogenase [2]. In the  first m ethod both the 
nicotinam ide m ononucleotide and dinucleotide a re  m easured w hile in 
the second one only th e  in tact ccenzym e is determ ined. The nicotin
am ide m ononucleotide reacts w ith KCN, and cleavage of NAD o r NADiP 
at the  pyrophosphate linkage is not accompanied by any change in the  
optical density  of the  cyanide complex. By com bining both these 
m ethods it is possible to determ ine w hether the destruction of pyrid ine 
dinucleotides is due  to  th e  cleavage of the  N-glycoside linkage or of the  
pyrophosphate linkage, or both.

In both procedures the  ex tract was incubated in  0.05 м-phosphate 
buffer, pH 7.6, and  0.5 ixmoles of NAD for 10 min. a t 37°. The volum e 
of the  incubation m ix tu re  was 1.8 ml. in the  cyanide m ethod and  0.7 ml. 
in the  dehydrogenase m ethod. The am ount of protein in th e  incubated 
samples varied according to the  activ ity  of the  extract, as follows: carp 
liver m itochondria 0.005 -0.009 mg., nuclei 0.13 mg., m icrosom es and 
supernatan t 0.35 mg. of protein; ra t  liver m itochondria 0.45 mg., nuclei 
0.3 mg. and superna tan t 4.5 mg. of protein. At the  end of the  incubation

http://rcin.org.pl



[3] NAD GLYCOHYDROLASE 119

period in the  cyanide m ethcd 1.4 ml. of 2 м -KCN was added, while in 
the  dehydrogenase m ethod th e  alcohol dehydrogenase and  0.1 ml. of 
3 м-ethanol w ere added and  then  tris buffer, pH 9.0, to final volume 
of 3.2 ml. Spectrophotcm etric readings (Unicam SOP 500) w ith quartz  
cuvettes of 1 cm. light path w ere taken  against blanks in which the 
coenzyme was om itted. A ppropriate controls containing no enzyme 
accom panied the  experim ental vessel.

Decomposition of NAD by m itochondria was found to be linear for 
quantities of the  enzym e which split up to 50% of the  dinucleotide. 
No reduction of NAD by the  ex trac t from  liver m itochondria in dilution 
used was observed during a 10 min. incubation period.

A unit of NADase or NADPase was defined according to K aplan [4] 
as tha t am ount which cleaves 1 м-mole of NAD per hr. per mg. of protein. 
Calculation was based on activ ity  m easurem ent after a 10 min. incuba
tion period.

D eterm ination of protein. The protein content was determ ined by the 
M ejbaum -K atzenellenbogen tann in  m ethcd [9].

RESULTS AND DISCUSSION

Most of the  NADase activ ity  in carp liver, as m easured by the cyanide 
method, was fcund in  th e  m itochondrial fraction (Table 1) with sm all 
only am ounts rem aining in microsom es and  superna tan t (about 9%) 
and in nuclei (about 0.5%). In the  analogous experim ents w ith the  ra t 
liver the  highest activ ity  of NADase was shown in nuclei, w hile the  m ito
chondria w ere half as active.

Decomposition of NAD by the  ex tract from  carp liver m itochondria 
proceeded very rap id ly  and the activ ity  of NADase there in  was about

T ab le  1

Distribution o f the NADase activity in the subcellular fractions o f carp liver and rat liver

The composition of the samples and details see Methods. Incubation: 10 min., 37°. The activity 
was measured by the cyanide method and expressed in ^umoles of NAD split/hr./mg. of protein. 
The figures are averages from 2-3 deteiminations and in case of carp liver mitochondria, from 

7 determinations; in parentheses the limit values

Subcellular fraction Carp liver Rat liver

Nuclei (with cellular debris) 0.3 1.2
Mitochondria 75.5

(24.0-111.0)
0.6

Microsomes 4.2 j 0.18Supernatant 3.0
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100 tim es higher th an  in  ra t m itochondria, about 40 times h igher than  
in raw  bull sem en [1] and about 15 tim es h igher than  in the  crude 
hom ogenate of beef spleen [4]. The activ ity  of the  ex tract from  carp 
liver m itochondria was of the  sam e order as th a t of the  purified  NADase 
preparations from  bull semen, obtained by Leone & Bonaduce [6] by 
salting, acetone precipitation and  passage through calcium phosphate 
gel, and concedes only to the  preparation of A bdel-Latif & Alivisatos [1], 
which had approxim ately  1430 NADase units per mg. of protein.

Data reported  in Table 2 include m easurem ents of NAD decomposi
tion as determ ined  by the  cyanide and dehydrogenase m ethods. The 
convergent resu lts  of m easuring NAD decomposition by both methods 
(Table 2) in  carp  liver m itochondria indicate tha t NAD glycohydrolase 
was alm ost to ta lly  responsible for NAD decomposition; thus the  results 
obtained by the  dehydrogenase m ethod can be regarded in th is instance 
as a m easure of NADase activity. On the con trary  in ra t liver mito
chondria th e  m easurem ents obtained by the  alcohol dehydrogenase 
m ethod w ere  about th ree  tim es higher th an  those obtained by the 
cyanide method, indicating a  considerable pyrophosphatase activity .

T a b le  2

Splitting o f NAD in the mitochondria o f carp liver and rat liver, determined by the 
cyanide and alcohol dehydrogenase methods

Details see Methods. The activity is expressed as a decrease in extinction at 325 and 340 m/i after 
a 10 min. incubation period at 37°. Milimolai extinction coefficients of NAD-CN complex at 325 m/i 

and N AD H 2  at 340 m/i are 6.3 and 6.22 respectively

Liver mitochon
dria

•

Cyanide method 
(NADase)
(—ЛЕ3 2 5 )

Alcohol dehydrogenase 
method (NADase +
+ pyrophosphatase)

(—ЛЕ 3 4 0 )

Carp 0.36 0.40
0.37 0.39
0.37 0.37

Rat 0.08 __
0.08 0.26
0.08 0.28

Substrate specificity. Data show n in Table 3 indicate tha t th e  activity  
of carp liver m itochondria tow ards NAD was about 6 tim es h igher than  
tow ards NADP. Michaelis constants, calculated from  the  regression 
lines of 1/S against 1/V plots [7] w ere 2.2 X10~ 4 for NAD and  1.1 X10-3  
for NADP. It was not certain  w hether these data should be re la ted  to 
one o r to two enzymes as i t  was suggested by Leone & Bonaduce [6].
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Inhib ition  by nicotinamide. N icotinam ide was found to  inhibit 
NADase from  carp liver m itochondria to the sam e ex ten t as NADases 
from  o ther tissues. The concentration of nicotinam ide causing 50°/o 
inhibition was found to be 5.5 X 10~ 3 м (Fig. 1) which is of the  sam e order

Fig. 1. T h e  e ffe c t of n ico tin am id e  on 
th e  a c tiv ity  o f N A D ase fro m  ca rp  
liv e r m ito ch o n d ria . In cu b a tio n  10 min. 
a t 37°. N AD  assay ed  by th e  cyan ide  

m ethod . D e ta ils  see te x t

as th a t found by Quastel & Z atm an [10] for beef brain  (1.75 X10~ 3 M) 
and M cllwain [8] for guinea pig or sheep brain, and  ox spinal cord 
(about 10-3  m ). The only NADase which showed m arked  resistance to 
nicotinam ide was tha t from  Neurospora crassa, w hich is inhibited  a t 
concentration as high as 1.45X10- 1 m [11].

The effect  of  INH.  The ac tiv ity  of NADase from  carp  m itochondria 
rem ained unchanged a t the  concentration of 10~2 m-INH. These results 
indicate th a t NADase from  carp m itochondria falls in to  the  category 
of IN H -insensitive enzym es such as those from  Neurospora crassa, 
hum an spleen, ra t  and  pig tissues, in contrast to  “sensitive” NADases 
of birds and rum inants, which a re  inh ib ited  by INH at 10-3  м [13].

Type  of the NADase activity . According to Zatm an, Kaplan, Colo wick 
& Ciotti [12] insensitivity  of NADases to INH is associated w ith  a m arked 
transglycosidase activ ity  of these enzymes resu lting  in  form ation of an 
IN H -analogue of NAD in  which th e  INH m oiety is  substitu ted  for 
nicotinam ide. The analogue shows a d istinct m axim um  of absorption 
in alkali a t 385 mu. No such  compound was form ed w ith IN H -insensitive 
NADase from  carp  liver m itochondria, even w ith th e  concentration of 
the  enzym e 4 tim es h igher (3 units) than  th a t used by K aplan [5] and 
the  incubation period prolonged to 22 h r. The concentration of INH used 
was 10—1 m or 7.7 X10-2  м. NAD added was alm ost com pletely decompo
sed w ith in  3 hr. but th e  repeated  spectrophotom etric readings during 
incubation revealed no increase in  absorption a t 385 mu characteristic 
for the  form ation of the  analogue. In the parallel experim ents w ith  the

http://rcin.org.pl



122 К. RACZYŃSKA-BOJANOW SKA and  I. GĄSIOROW SKA

IN H -insensitive NADase from  pig brain  (0.2 units) and  10_1 м-INH an 
increase in  absorption a t 385 mu was noticeable a fte r a  10 min. incuba
tion; during  a 22 hr. incubation the  m ix tu re  became distinctly  yellow  
and 0.14 (nmoles of the  analogue was formed. NADase from  carp liver 
m itochondria (10 units) was also inactive tow ards IN H -analogue of 
NAD (synthesized by t'he enzym e of pig brain  from NAD and INH 
after Zatm an et al. [13]).

T a b le  3

The activity of NADase and NADPase in the mitochondria of carp liver and rat
liver

Details see Methods. The activity is expressed in //moles of NAD or NADP split/hr./mg. of protein; 
the mean values from 3 determinations with the accuracy of ± 1 .5%  are given

Mitochondria
NADase NADPase

activity Km activity Km

Carp 108.0 2 .2x10~4 18.0 1.1 X  10 3

Rat 0.6 — 0.6

It appears thus th a t NADase from  carp liver m itochondria sim ilarly  
to th a t from  Neurospora crassa does not show  any  transglycosidic 
activity, despite its insensitivity  to  INH. The carp enzyme, however, in 
contrast to  Neurospora NADase is sensitive to nicotinam ide and as such 
is an exception among NADases know n so far in various species. Thus 
if the  m echanism  of nicotinam ide inhibition consists in  com petition 
betw een nicotinam ide and w ater for th e  NA D-enzym e complex, as 
suggested by Zatman, K aplan & Colo wick [11] the  resu lts  obtained 
m ight indicate tha t the  enzym e from  carp liver m itochondria is capable 
of catalysing only the  exchange of nicotinam ide bound in the  NAD 
molecule for the  added nicotinam ide but can not catalyse tran sfe r 
reaction w ith analogous compounds. It m ight he, however, th a t INH is 
not a su itab le  cosubstrate for carp NADases and  th a t some o ther py ri
dine derivatives could serve as acceptors in transglycosidic reaction.

SUMMARY

A highly active NADase has been found in the  carp liver m ito
chondria. The enzyme is easily ex tractab le  from  the  cell s truc tu re , it is 
inhibited by nicotinam ide, is highly specific to NAD, insensitive to  isoni- 
cotinyl hydrazide and  does not exhibit transglycosidic action tow ards 
this compound.

[6]
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NAD G L IK O H Y D R O LA Z A  W W Ą TR O BIE K A R PIA

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

Stwierdzono wysoką aktyw ność NADazy w  m itochondriach wątroby 
karpia. Enzym da je  się łatwo ekstrahow ać, jest ham ow any przez am id 
kwasu nikotynowego', jest specyficzny dla NAD, niew rażliw y na hydra
zyd kw asu izonikotynowego i nie w ykazuje własności transgiikozydazo- 
wych w stosunku do tego związku.

R eceived 24 S ep tem b er 1962.
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R EC E N Z JE  K SIĄ Ż E K

SC IEN C E A ND  T H E  FU T U R E  O F M A N K IN D  (E dited  by H ugo Boyko). D r. W. J u n k  
P u b lish e rs  -— D en H aag . 1961, 380 str., 8 ry s . C ena $  9.50. O p raw a  w  p łó tno .

W g ru d n iu  1960 ro k u  p o w sta ła  „Ś w ia tow a A k ad em ia  S z tu k i i N a u k i“ („W orld 
A cadem y o f A rt an d  S cience”), a recen zo w an a  k s iążk a  jo s t je j p ie rw szy m  w y d aw 
nic tw em . D w a g łów ne cele p rag n ie  spełn ić  no w o p o w sta ła  in s ty tu c ja : 1) stopniow o 
tw orzyć  p o n ad n a ro d o w e  fo ru m , n a  k tó ry m  m ożnaby  rozw ażać  n a jży w o tn ie jsze  
p ro b lem y  ludzkości, o ra z  2) d z ia łać  jak o  b ezs tro n n y , n ieza leżny  od in te resó w  g ru 
pow ych  d o ra d c a  w  służb ie  D obra  L udzkości. R ea lizac ja  ty ch  celów  nie  będzie  
ła tw a ; jed y n y m i siłam i, k tó re  m ogą tu  być uży te , to w iedza , g łębokość i siła  uczu
ciow ego n a s ta w ie n ia  w obec nędzy  m a te ria ln e j i m o ra ln e j ludzkości, a tak że , o p a r ta  
o n ie, siła  p rzek o n y w an ia  i n ad z ie ja , że ludzkość  w reszc ie  zrozum ie, że „ św ia t 
je s t obecn ie  zby t n iebezp ieczny  d la  w szystk iego , co n ie  je s t p ra w d ą , i za m ały  d la 
czegokolw iek , co n ie  je s t b ra te rs tw e m ” (str. 239). W sw oich zad an iach  chce A k a 
dem ia  pom óc w  re a liz a c ji d e z y d e ra tu , k tó ry  E in ste in , je d e n  z duchow ych  o jców  
tej in s ty tu c ji, u ją ł słow am i: „T w ory  naszego ro zu m u  p o w in n y  być b ło g o sław ień 
stw em , a  n ie  p rzek leń s tw em  ludzkośc i” (str. 368). O po trzeb ie , z a m ia rach  i celach  
A k ad em ii p isze  w  o cen ia n e j książce d w u d z ie s tu  au to rów . O m aw iane  zag ad n ien ia  
do tyczą  b a rd z o  szerok iego  zak re su ; w id ać  to  z za łączonego  do  obecnej re cen z ji 
sp isu  rzeczy  te j k siążk i. N ie  sposób streszczać  poszczególnych a r ty k u łó w ; c h a ra k 
te ry z u je  je  w ie lk a  zw ięzłość, poczucie  g łębokiej o d p ow iedz ia lnośc i za w y ra ż a n e  
pog lądy , ja sn o ść  m yśli i s ta ra n n a  k o n tro la  rea ln o śc i p rz e d s ta w ia n y c h  p lanów . T o  
co łączy  ze sobą a r ty k u ły  n iem a l w szy stk ich  au to ró w , to  g łębok ie  p rzek o n an ie , 
że obecny  w strz ą s  cyw ilizacy jny , zw iązany  z po tężnym  ro zw o jem  w iedzy  lu d zk ie j, 
n ie  będz ie  m ógł być inaczej o p an o w an y  ja k  p rzez  g łębok i is to tn y  postęp  w  m o ra l
n e j p o staw ie  L udzkości. R ecenzja  k siążk i ta k  pe łn e j g łębok ich  m yśli ja k  o cen ian e  
dzieło  n ie  m oże niczego w ięcej dokonać , ja k  zw rócić u w ag ę  czy te ln ikow i n a  to, że 
w y d aw n ic tw o  to  je s t w y d a rzen iem  w ie lk ie j m ia ry  i że p rze s tu d io w an ie  te j k siążk i 
d osta rczy  b a rd z o  cennego m a te r ia łu  k ażd em u  p raco w n ik o w i n au k o w em u , k tó reg o  
m yśl n ie  og ran icza  się  ty lk o  do jego w ąsk ie j specjalnośc i.

SC IEN C E AND TH E FU TU R E  O F M A N K IN D  

C onten ts

F o rew o rd  by L ord  B o y d  О r  r
In tro d u c tio n
T h e  N eed

A . E i n s t e i n :  D ie In te rn a tio n a le  der W issenschaft
H . B o y k o ,  R ehovo t: T he N eed of a W orld  A cadem y  of A r t an d  Science
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R. O p p e n h e i m e r ,  P rin ce to n , N .J.: T hough ts  on  A rt an d  Science: 1. Science 
and  O ur T im es, 2. P ro sp ec ts  in  th e  A rts  and  Sciences 

W. F. G. S w a n n ,  S w arth m o re , P a .: Science an d  O ur F u tu re

The M eans (a fe w  exa m p le s  b y  a fe w  sc ien tists)
H. J. M u l l e r ,  B loom ington, Ind .: T he P ro sp ec ts  of G enetic  P ro g ress  
H. D. L a s s  w e l l ,  N ew  H aven , C onn.: Science, S c ien tis ts  an d  W orld  Policy  
S. W. T r  O' m  p, L e id en : T h e  S ign ificance  o f  B o rd er Sciences fo r th e  F u tu re  

o f M an k in d
R. M. F i e l d ,  S ou th  D u x b u ry , M ass.: T he H u m an  S ign ificance  of N a tu ra l  R e

sou rces (w ith  S pecia l R eference  to M an ’s C u ltu ra l R esources)
P. D a n s e r e a u ,  M o n trea l: R esou rce  P la n n in g : A P ro b lem  in  C om m unication  
M. J . S i r k  s, G ron ingen : F ood S upp ly  and  In c rea se  o f P o p u la tio n  
P. C h o u a r d ,  P a r is : Q uelques voies p ro b ab les  d e  d eve loppem en t des nouve lles  

tech n iq u es en ag ronom ie  
j .  P h i l l i p s ,  A ccra : Science in  th e  S erv ice  of M an in A frica  S o u th  of th e  

S a h a ra
Th. M o n o d ,  P a r is : L a  Science e t l ’h o m m e au  seu il d u  d e se r t
H. F. I n f i et 1 d, J e ru sa le m : H u m an  N eeds and  th e  N eed fo r U ltim a te  O rien ta tio n  
L. K. B u s h ,  D u x b u ry , M ass.: P ra c tic a l N otes on P o litics  an d  Poesy

T he Goal
W. T a y l o r  T h o m  J r ., P rin ce to n , N .J.: Science and  E n g in ee rin g  and  th e  

F u tu re  o f M an 
E u r o p a e u s :  W ar o r  P eace  — a B iological P ro b lem
I. B e r e n b l u m ,  R ehovo t: Science an d  M odern  C iv iliza tion
W . C. d e  L e e u w ,  L e id en : N ew  W ays w ith  Science as L ead er
B. R u s s e l l ,  M erione th , W ales: P e r  a sp e ra  ad a s tra

W orld A c a d e m y  o f A r t  an d  Science  

M an ifesto
L ist o f C o-W orkers in  th e  P re p a ra to ry  S teps and of C h a rte r  M em bers 
In fo rm a to ry  N otes

W ło d z im ie rz  M ozo łow sk i

О. H. W a r b u r g .  W E IT E R E N TW IC K L U N G  D ER  Z E L L P H Y S IO L O G ISC H EN  
M ETHODEN. A n g ew an d t au f K rebs, P h o to sy n ih ese  und  W irk u n g sw e ise  d e r  R on t- 
g en strah len . A rb e iten  aus d en  J a h re n  1945 -  1961. (N ew  M ethods of C ell P h y sio 
logy. A pplied  to  C ancer, P h o to sy n th es is  an d  M echan ism  o f X -R a y  A ction . D eve
loped 1945 - 1961). G eorg  T h iem e V erlag , S tu t tg a r t  1962, i In te rsc ien ce  P u b lish e rs , 
N ew  Y ork . S tr . X V I +  644, ry s . 177, lex . C ena DM 138, $  34.50. O p ra w a  w  p łó tno . 8°

K siążka  zaczyna się k ilk u w ie rszo w ą  p rzedm ow ą a u to ra , n a s tęp n ie  n a  20 s tro 
n ach  p o d an a  je s t n a d e r  zw ięzła  c h a ra k te ry s ty k a  m etod  i  n a jw ażn ie jszy ch  w yn ików  
w raz  z ich in te rp re ta c ją . P rzed m o w a  i  te n  ro zd z ia ł pow tó rzone są w  tłu m aczen iu  
angielsk im .

N astęp n e  4 s tro n y  z a jm u je  p rzed ru k o w an y  z B iochim ica e t B iophysica  A cta  
z r . 1953 a r ty k u ł D ean a  B u rk a  p t. „O tto  W arb u rg , a r t is a n  of cell c h e m is try “, o p a 
trzo n y  podob iznam i W arb u rg a  i B u rka .

Z ko le i m am y  p rz e d ru k  dłuższego u s tęp u  o  enzym ach  fe rm e n ta c ji a lk o h o lo w ej 
z w y czerp an e j k s iążk i W arb u rg a  z 1948 r. p t. „W a sse rs to ffu b e rtra g e n d e  F e rm e n te d  
P rz e d ru k  z ao p a trzy ł a u to r  w  n o tk i a k tu a liz u ją c e  p rzed s taw io n e  d a n e  w ed le  s tan u  
z r. 1961.

G łów ną część k s iążk i s tan o w ią  73 p rz e d ru k i p ra c  o ry g in a ln y ch  W a rb u rg a  i jego 
uczn iów  z la t  1946- 1961, k tó re  u k aza ły  się p rzew ażn ie  w  Z e itsc h rif t fu r  N atu rfo r-:
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schung, Science, A rch iv es o f B iochem istry , B ioch im ica e t B iophysica A cta  i innych . 
T ekst je s t n iem ieck i lub  ang ie lsk i, zależn ie  od języ k a  o ry g in a ln e j p u b lik ac ji. I tu 
zn a jd u jem y  liczne n o tk i ja k o  „Z u sa tz  1961“, a k tu a lizu jące  te k s t lub  m a jące  c h a 
ra k te r  polem iczny. W reszcie o s ta tn ią  część książk i s tan o w i 20 p rac , d o tąd  nigdzie 
n ie  d ru k o w an y ch , z k tó ry ch  w iększość nie będzie  gdzie indziej ogłoszona.

W szystk ie  a r ty k u ły  do tyczą  ro zw o ju  m etod badaw czych  w pro w ad zo n y ch , uży 
w anych  i s ta le  u lepszanych  p rzez  W arb u rg a . R ozw ój polega bądź  n a  zw iększen iu  
czułości i do k ład n o śc i, bądź n a  o p a rty m  n a  ty ch  osiągn ięc iach  uproszczen iu  m etod. 
W ażne m iejsce  z a jm u je  też  w y p raco w an ie  o p ty m aln y ch  w a ru n k ó w  hodow li b a d a 
n ych  kom órek .

T en  n ac isk  po łożony na  m etody  s tan o w i c h a ra k te ry s ty c z n y  ry s  całego zbioru . 
N ow e dośw iadczen ia  o p ie ra ją  się n a  u lepszonych  m e to d ach  lub  n a  w p ro w ad zen iu  
zasadniczych  zm ian  w  w a ru n k a c h  dośw iadczen ia , np. p o d n ies ien iu  ciśn ien ia  C 0 2 
z 200 m m  B rod ie  n a  500 m m . W y łan ia ją  się w  te n  sposób now e, n ieoczek iw ane 
fak ty , k tó ry ch  in te rp re ta c ja  p ro w ad z i W arb u rg a  do now ych kon cep c ji teo re ty cz 
nych, często sp rzecznych  z ogóln ie  p rzy ję ty m i pog lądam i.

T rzeba  się zgodzić z au to rem , k ied y  w  słow ie w s tęp n y m  w y raża  pog ląd , że 
znajom ość i o p an o w an ie  p rzed s taw io n y ch  w  k siążce  m etod  są n iezbędne d la  k a ż 
dego, k to  chce w  te j dz iedz in ie  p racow ać . D la ty ch  osób k s iążk a  p o siad a  dużą  
w arto ść , bo  oszczędza szu k an ia  szczegółów  rozs ian y ch  w  ró żn y ch  czasopism ach. 
D la czy te ln ik a  szuka jącego  ogó lnej in fo rm ac ji o  b a d an y ch  zag ad n ien iach  je s t to 
le k tu ra  racze j c iężka. Ju ż  sam a te rm in o lo g ia  enzym ów  i koenzym ów  używ ana 
przez  W a rb u rg a  n a su w a  dużei tru d n o śc i. N ie m ożna odm ów ić p ra w a  u żyw an ia  
w łasn eg o  sło w n ic tw a  o d k ry w cy  w iększości o m aw ian y ch  zw iązków , a le  szkoda, że 
u tru d n ia  to z rozum ien ie  m łodym , k tó rzy  w zrośli ju ż  w  słow n ic tw ie  ogóln ie  p rzy 
ję ty m  i s tosow anym . T ru d n o ść  n a s tręcza  też  zrozum ien ie  pog lądów  W a rb u rg a  na 
m echan izm  fo to syn tezy , gdyż są one zupełn ie  o d e rw a n e  od o gó ln ie  p rzy ję ty ch  
schem atów . M ery to ry czn ą  d y sk u s ję  na  te  tem a t p o s ta ra m  się p o d jąć  na  innym  
m iejscu ; tu  chc ia łbym  ty lk o  stw ierdz ić , że o m aw ian a  k siążk a  je s t ba rdzo  poży
teczna, a je j le k tu ra  t ru d n a  lecz b a rd zo  s ty m u lu jąca .

J ó ze f H eller

K L IN IS C H E  A N W E N D U N G D ER  A L D O ST E R O N -A N T A G O N IST E N  (herausgegeben  
von P riv .-D oz. d r  F. K riick , d r  K h. R. K oczorek  u n d  d r  G. B etzien). G eorg  T hiem e 
V erlag . S tu t tg a r t  1962. S tr . V I I I +  118, 53 rys., 12 tab l. C ena 19,80 DM.

W  m a ju  1961 r. odbyło  się w e  W iedn iu  sym pozjum  pośw ięcone k lin icznem u  
zasto so w an iu  an tag o n is tó w  aldostero-nu. F. K riick , K h. R. K oczo rek  i G. B etzien  
p o d ję li się t ru d u  zeb ran ia  i o p raco w an ia  m a te ria łó w  tego  sym pozjum , d a ją c  m ono
g ra fię  o  sp iro lak to n ach , no w y ch  sy n te ty czn y ch  lekach  w y k azu jący ch  rew e lacy jn e  
e fek ty  w  leczen iu  obrzęków . K siążk a  pośw ięcona je s t p rzede  w szy stk im  zag ad n ie 
niom  w iążącym  się z w yd z ie lan iem  sodu i p o ta su  w  d y s ta ln y m  o d c in k u  k a n a lik a  
n e rkow ego  i z re g u la c ją  h o rm o n a ln ą  tego  e ta p u  p rzem ian y  m in e ra ln e j i w odnej. 
P o ruszono  szereg  a k tu a ln y c h  p ro b lem ów  g ru p u jący ch  się w okó ł m echan izm ów  
reg u lu jący ch  tr a n s p o r t  i wydzielanie* jonów  sodow ych i po tasow ych  o ra z  ich w p ły 
w em  n a  rozm ieszczenie  w ody  w  p rzes trzen i w e w n ą trz -  i  zew n ą trzn aczy n io w ej.

S łow o w stęp n e  n ap isan e  p rzez  p ro f. d r  H. P. W olffa  s tan o w i in te re su jące  
w prow adz& nie w  zak re s  p o ru szan y ch  zagadn ień . W stęp  i uw ag i końcow e K ru ck a  
n a d a ją  książce ciągłość tem a ty czn ą . D w a ro zd z ia ły  K oczo rka  tr a k tu ją c e  o  fiz jo log ii 
i p a to log ii w y d z ie lan ia  a ld c s te ro n u  p rzez  ko rę  n ad n erczy  o ra z  o  p o d staw ach  fa rm a 
kologicznego d z ia łan ia  sp iro lak to n ó w  u ła tw ia ją  zrozum ien ie  d a lszych  rozdzia łów  
p isanych  p rzez  różnych  au to ró w  a  o m aw ia jący ch  p a to m ech an izm  p o w staw an ia  
obrzęków  o raz  ich leczen ie  w  św ie tle  e fek tó w  u zy sk iw an y ch  p rzez  stosow an ie  
an tag o n istó w  a ld o ste ro n u . R ozdziały  środkow e z a w ie ra ją  w ie le  o b se rw ac ji z e b ra 
nych na bogatj^m i różn o ro d n y m  m a te ria le  k lin iczn y m  i p o s ia d a ją  n iew ą tp liw e
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znaczeniei d la  ra c jo n a ln eg o  s to so w an ia  sp iro lak to n ó w  w  leczen iu  obrzęków . W po 
szczególnych ro zd z ia łach  om ów iono  zasto sow an ie  sp iro lak to n ó w  w  p ie rw o tn y m  lu b  
w tó rn y m  h y p era ld o ste ro n izm ie , a m ianow ic ie  w  sy n d ro m ie  C onna, m arsk o śc i 
w ą tro b y , n iew ydo lności k rążen ia , nerczycach , c iążach, i n adc iśn ien iu , tę tn iczym . 
D la te o re ty k ó w  p rzeznaczony  je s t a r ty k u ł K oczo rka  o  p o zan e rk o w y m  d z ia ła n iu  
an tag o n istó w  a ld o s te ro n u  w y k azan y m  w  ek sp e ry m en tach  p rzep ro w ad zo n y ch  na  
k rw in k a c h  czerw onych.

B ogata tre ść  k siążk i z a jm u jące j się n iew ie lk im  w y c in k iem  p rz e m ia n y  m in e 
ra ln e j i w odne j, p rz e jrz y s ty  u k ład  i bard zo  s ta ra n n a  re d a k c ja  m a te r ia łó w  sym 
pozjum  d a ją  w  re z u lta c ie  w arto śc io w ą  m onografię  in te re su ją c ą  fiz jo logów , p a to 
logów, b iochem ików , endokryno logów , fa rm ak o lo g ó w  i lek a rzy .

K siążka  s tan o w i u d a n ą  p ró b ę  p rzed s taw ien ia  u d z ia łu  a ld o s te ro n u  w  m ech a
nizm ie p o w staw an ia  ob rzęków . P rzyczyn i się też do p o dw ażan ia , p rz y n a jm n ie j n a  
tym  o dc inku , p rzek o n an ia  o celow ości z jaw isk  b io logicznych, w y k azu jąc , że  m ech a 
nizm y re g u la c y jn e  k sz ta łtu ją c e  się n a  różnych  e tap a ch  ro zw o ju  filogenetycznego , 
w  tym  p rz y p a d k u  zabezp ieczające  sta łość sk ład u  jonow ego  i w ła śc iw ą  ob ję tość  
p ły n u  w ew n ątrzn aczy n io w eg o , s ta ją  się zgubne i p ro w ad zą  d o  g łębok ich  zab u rzeń  
w  g ospodarce  w odnej w  pew nych  s ta n a c h  pato log icznych .

K siążka  o k lin icznym  zasto sow an iu  an tag o n is tó w  a ld o s te ro n u  je s t pozycją  
w  p iśm ien n ic tw ie  p o trzeb n ą  i pożyteczną, ta k  ja k  poży teczną  je s t k ażd a  p ra c a  
to ru ją c e  now e d ro g i w  ro zw o ju  n au k i, n aw e t jeże li p o d aw an e  fa k ty  i p ro p ag o w an e  
teo rie  w  m ia rę  ro zw o ju  w iedzy  n ie  w e w szy stk im  o k ażą  się s łu szne  i p raw d z iw e ,

W anda  M e jb a u m -K a tzen e llen b o g en

TH E P L A N T  C E L L  W ALL. In te rn a tio n a l S eries of M onographs o n  P u re  and  
A pplied  B iology, vol. II  by  S. M. S i e g e 1 (group  le a d e r in  p h y sica l b io ch em is try . 
U nion C a rb id e  R esearch  In s titu te , E astv iew , N ew  Y ork). P e rg a m c n  P re ss . 1962, 
C ena 42 s.

M onografia  o  o b ję to śc i 123 s tro n  d ru k u  sk ład a  się z k ró tk ieg o  w s tę p u  i czte
rech  rozdz ia łów  o k o n s ty tu c ji i budow ie  śc ian  kom órkow ych , ich  d y n am ice , 
o chem ii p o rów naw cze j w tó rn y ch  su b s ta n c ji kom ó rk o w y ch  i ścian , i w reszc ie
0 w łasn o śc iach  i u ży tk o w an iu  ich p roduk tów .

S zerok i zak res in fo rm a c ji i p róba  syn tezy  w  ta k  o b ję to śc iow o  o g ran iczone j 
m onografii w sk a z u ją  n a  to, że a d re sa tem  o m aw ian e j p ra c y  m a ją  być szerok ie  
rzesze bio logów  z dz iedz in  pok rew n y ch , k tó rzy  n ie m ogą o p an o w ać  całego o g rom u  
p iśm ien n ic tw a  specja listycznego .

F a k ty  d o św iadcza lne  i teo r ie  są p rzed s taw io n e  n a d e r  p rze jrzy śc ie  i jasno , do 
tego sto p n ia  że czy te ln ik  p o siad a jący  ty lko  podstaw ow e w iadom ości z b iochem ii
1 b io fizyk i m oże bez t r u d u  i z dużą d la  sieb ie  ko rzyścią  opanow ać całość m a te ria łu .

A u to r  p o d k re ś la  u n iw e rsa ln e  znaczen ie  koncepcji o rg an izo w an e j w ie lo cu k ro - 
w ej m ak rocząsteczk i, n ie  zap o m in a jąc  p rzy  tym  o h e te ro g en n cśc i poszczególnych 
su b s tan c ji bud u lco w y ch  śc ian  kom órkow ych  różnych  organ izm ów .

O sta tn i ro zd z ia ł, o m aw ia jący  d rew n o , w łókno , tw o rzy w a pochodzen ia  ro ś lin n eg o  
i p roces zw ęg lan ia  w  p rzy rodz ie , odb iega tem a ty czn ie  od całości. In fo rm ac je  
o w łóknach  p rzem ysłow ych , ja k  b aw e łn a  i len , techno log ia  d re w n a , teo rie  b itu -  
m in izac ji są sk o n d en so w an e  n a  zaledw ie  16 s tro n ach  d ru k u  i o b e jm u ją  ty lko  
frag m en ty  zag ad n ien ia , bez szczegółów  często  n iezbędnych . M oże się w y d aw ać , 
że au to r  n ie  b a rd zo  się k w ap ił do n ap isan ia  tego ro zd z ia łu  i  że je g o .m ie jsc e  
w  o m aw iane j m onografii w y n ik ło  z p rzyczyn  od a u to ra  n ieza leżnych . T a  w a r to 
ściow a 5 poży teczna  k s iążk a , z ao p a trzo n a  k ilkudz ies ięc iom a cennym i pozycjam i 
p iśm ien n ic tw a  z o s ta tn ic h  la t, zy ska łaby  znacznie  a n ie  s tra c iła  n a  w adze , gdyby
ten o s ta tn i rozdz ia ł by ł pom in ię ty . '

Ig n a cy  R e ifer
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