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ó-Aminolaevulic acid (ALA) is derived from glycine and “active” 
succinate under the influence of an unidentified enzyme system. The 
next stage of porphyrin biosynthesis is the conversion of ALA into por
phobilinogen catalyzed by ALA dehydrase. However, there exists still 
another pathw ay of ALA metabolism. According to Shemin [8], ALA gives 
up the amino group, loses one atom of carbon to give succinate, closing 
a cycle called by Shem in the succinate-glycine cycle. This second pathway 
of ALA conversion starts  w ith deamination — and as fu rther studies 
of Nemeth, Russel and Shem in show [5] — is connected w ith  the 
utilization of a- carbon atom for the synthesis of the purine ureido group. 
This pathw ay is as im portant as the pathway leading to porphyrin 
biosynthesis.

The knowledge of conditions enabling ALA transform ation by one of 
the possible metabolic route may be useful to clear up the porphyrin and 
purine cell metabolism and its disturbances in disease.

We pointed out in a  previous paper [4] that the ALA deamination po
stulated by Shemin is an enzym atic transamination. We called the enzyme 
which catalyzes this process <5-aminolaevulic acid transam inase (TrALA). 
In this paper there will be presented further studies on ALA trans
amination 1).

MATERIALS

Solutions of 0.1 M-ci-oxoglutaric acid (GLA), sodium pyruvate (PA), ala
nine (AL), aspartic acid (ASPA) and ALA in 0.06 M-phosphate buffer at 
pH 7.6 w ere used. All reagents except ALA were La Roche or B. D. H. ALA

0  T he resu lts  w ere  p resen ted  in  part at the 4th In tern ation a l C ongress o f B io 
ch em istry  in  V ienna  a n d  a t th e  7th C ongress of the In ternational S o c iety  o f H em a
tology in R om e, on S ep tem b er  1958.
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was synthesized, according to N euberger and Scott [6] 2). Before use ALA 
was twice recrystallized from  a m ixture of ethyl acetate and m ethyl 
alcohol. The m elting point of the used ALA hydrochlorid was 149— 151°. 
The rem aining reagents used w ere analytical grade, m ade in Poland.

Homogenates of ra t tissues were prepared im m ediately after killing 
the animal. The anim als w ere anaesthetized w ith e ther and killed by 
bleeding after incision of jugular veins. 7 g. of w et tissue were homo
genized w ith 30 ml. w ater in a M. S. E. blendor, unless it is otherwise 
stated. The homogenates were used im m ediately after preparation.

METHODS

In all experim ents the activity of ASPA transam inase (TrASPA) was 
assayed to compare the known transam inase w ith the ALA transam ination. 
The incubated m ixtures, according to Karmen, W rôblewski and La Due [2] 
consisted of: 0.5 ml. of homogenate, 0.5 ml. of the donor amino acid 
(ALA or ASPA), 0.5 ml. of the acceptor amino acids (0.1 m-GLA and PA 
mixed in equal quantities) and 1.5 ml. of 0.06 M-phosphate buffer (pH 7.6),

and they were incubated in a w ater bath 
at 37° for 2.5—3.0 hrs. unless it is o ther
wise stated.

A fter incubation 10 ml. absolute 
alcohol was added and centrifuged for 
5 m inutes at 4000 r.p.m. The precipitated 
protein was washed w ith  70% alcohol 
(v/v). The combined alcohol extracts 
were evaporated in w ater bath until dry. 
The sediments were kept overnight at 0° 
then redissolved in 0.5 ml phosphate 
buffer. 10 ¿¿1. of this solution (twice 5^1.) 
was chrom atographed. The am ino acid 
chrom atography was carried out accord

ing to Kay, Harris and Entenm an [3] on W hatm an No. 1 paper, 
developed in phenol-w ater at room  tem perature for 20—23 hrs. Chro
m atogram s were dried for 40— 44 hrs. and then  sprayed w ith ninhydrine 
solution (2% in ethyl alcohol containing 0.2% NaOH), dried for 0.5 to 1 hr. 
and developed at 65 to 70° for 5 m inutes. Spots corresponding to the de
term ined amino acids were cut out and ground in 15 ml. centrifuge tubes 
containing 3.5 ml. absolute alcohol. The paper pulp was spun by centri
fugation and the absorption was m easured at 475 m/<. The am ounts of

Fig. 1. A b sorption  o f n in h y d r in e  
co m p lex es  o f g lu ta m ic  ac id  a > a n d 
a la n in e  O, ex tra c ted  from  ch rom ato

gram s o f stan dard  so lu tio n s

2) T h e sy n th esis  w a s carried  out by Mr. M. W olff, M. Sc., B ydgoska  W y tw ó rn ia  
C h em iczna, w h om  w e  are v ery  in d eb ted .
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amino acids were established by means of standard curve (Fig. 1) which 
is identical for both glutamic acid and alanine, the concentration of these 
amino acids being expressed in /¿moles.

T a b l e  1

In cu ba tion  m ix tu r e s  for d e te rm in a t io n  of ô -a m in o la e v u l ic  ac id  tra n sa m in a se

ml.
Simultaneous incubation

I 11 III IV V VI

(5-AminoIaevulic acid
0.1 M 0.5 4 - — — — —

Aspartic acid 0.1 m 0.5 — — + + — —
a-Oxoglutaric acid 0.1 m 0.25 + — + — + —
Pyruvic acid 0.1 m 0.25 + — 4 . — 4- —
Homogenate (0.7 g. of 

tissue per 3 ml. H2 O) 0.5 1 -j- + + + +
Buffer pH 7.6 to 3.0 + + + +

The enzymatic activity of the homogenates was expressed as net 
increm ents of the appropriate amino acids per gram of w et tissue or mg. 
of protein nitrogen estim ated by Kjeldahl method. An incubation m ixture

T a b l e  2

G lu ta m ic  ac id  a n d  a lan ine  a t  “0 t im e ” a n d  a f te r  3 hours of in c u b a t io n  of  
a m ix tu r e  of equa l  p a r t s  of  r a t  l iv e r  a n d  k id n e y  h o m o g e n a te s  w i t h  a n d  w i th o u t  
su b s t ra te s  (6 -a m in o la e v u l ic  ac id  (A L A ),  o x o g lu ta r ic  ac id  (G L A )  a n d  p y r u v i c  ac id  (PA))

All va lu es are .um oles/g. w et t is su e

Incubation
time

(hours)

Homogenate without 
substrates

Homogenate 
+ A L A  +  G L A + P A Net increase

Glutamic
acid Alanine Glutamic | A1•, : Alanineacid

Glutamic
acid Alanine

0
0.05
0.07
0.07

0.05
0.08
0.08

0.06 0.05 
0.08 0.10 
0.07 0.10

— —

0.16 0.15 11.4 9.8 11.24 9.65
3 0.20 0.23 16.7 j 10.2 16.50 9.97

0.19 0.22 12.3 11.1 12.11 10.98

w ithout the amino group donor (ALA or ASP A) was used as control. 
O ther controls consisted of incubation systems in which homogenates or 
amino group donors or amino group acceptors w ere omitted, respectively. 
All incubation m ixtures are shown in Table 1. Table 2 gives values of
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glutamic acid and alanine found in one typical experim ent at “0 tim e” 
and after 3 hr. of incubation of homogenate alone or of homogenate w ith 
ALA and amino group acceptor.

RESULTS

1. The results obtained when the m ixture of ra t liver and kidney 
homogenates was heated for 10 m inutes at 100° before incubation point

T a b l e  3

E ffec t  of hea t ing  (10 m in u te s  a t  1000 ) on  the  t ra n s a m in a t io n  a c t i v i t y  of a m ix tu r e  
of eq ua l  p a r t s  of  r a t  l iv e r  a n d  k id n e y  h o m o g e n a te s  

In cu b a tio n  tim e  2.5 h ou rs. T he a c tiv ity  expressed  as increase o f am in o  acids in  f im oles per m g.
p ro te in  n itrogen

Substrates «î-Aminolaevulic acid Aspartic acid

Products Glutamic acid Alanine Glutamic acid Alanine

Unheated homogenate 0.42 0.70 5.51 11.00

Heated homogenate 0.14 0.19 1.10 0.55

Fig. 2. E ffect of pH on th e  a c tiv ity  
o f <S-am inolaevulic a c id  tra n sa m in a se  
in  a m ix tu re  of eq u a l parts o f  rat 
l iv er  and k id n ey  h om ogen ate . G lu 
tam ic acid  A, and  a la n in e  O, 

form ed

Fig. 3. E ffect of in cu b a tio n  tim e on
d'-am inolaevu lic a c i d  , and  aspartic
ac id  ---------- , tran sa m in a tio n  in  m ix tu re  of
eq u a l parts o f rat liv e r  an d  k id n ey  hom o
gen ates. G lu ta m ic  ac id  A, and a lan in e  O, 

form ed

to an enzymatic nature of ALA transam ination. As can be seen from 
Table 3 both TrALA and TrASPA show considerably lower values in the 
heated homogenates as compared with unheated.
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2. The optimum pH of TrALA activity is 6.5 to 7.0 (Fig. 2). The 
samples tested were adjusted to the desired pH with a solution of
0.1 N-NaOH or HC1 before incubation.

3. Figure 3 shows the relation between the incubation time and the 
efficiency of transam ination in m ixed rat liver and kidney homogenates. 
A fter 3 hrs. an equilibrium  is reached; there is only a slight increase of 
amino acids.

4. Figure 4 shows the effect of substrate concentration upon the tra n s 
am ination. The efficiency is directly proportional to the  concentration 
of substrate. In one series of experim ents the enzyme concentration and 
in another the  substrate concentration were changed. The results of both 
series of experim ents expressed in 
//moles per mg. of protein nitrogen 
of form ed glutamic acid or ala
nine, respectively, are presented 
in Fig. 4.

5. In order to state w hether 
ALA transam inase is a specific 
enzyme or its activity is a part 
of the known transam inases only, 
the activity of transam ination 
from  ALA, ASPA and AL to 
a-oxoglutaric acid in heart, liver 
and kidney of rat were followed.
As can be seen from data pre
sented in Table 4 there is no 
apparent correlation between the 
activities of ALA and ASPA transam ination. However, comparison of ALA 
and AL employed as substrates shows changes of the sam e kind.

6. A ttem pts have been made to purify the enzyme by the ammonium 
sulphate fractionation. The homogenate of fresh ox kidney was used, all 
operations w ere carried out at 0°. A fter each stage of fractionation both 
TrALA and TrASPA were determined. The results shown in Table 5 
indicate tha t it was possible to obtain preparations w ith TrALA activity 
18-fold increased, while the increase of TrASPA activity  was 4.5-fold 
only. The different degree of purification may suggest TrALA specificity.

Using acetone for fractionation, we were not able to obtain any 
increase of enzyme concentration.

7. To get some indication of a biological role of TrALA, the enzyme 
was studied in various tissues. It can be seen from the Table 6 th a t kidney 
and small intestine contain considerably greater amounts of TrALA than 
brain, red corpuscules or striated muscle. This may suggest some re-

Fig. 4. E ffect of su bstra te  co n cen tra tion s  
on ¿ -am in o laevu lic  a c id  —  —  — , and
asprrtic acid ----------, tra n sa m in a tio n  in
a m ixture of equal parts o f rat liv e r  and  
kidney hom ogenates. T he a c tiv ity  is e x 
pressed as g lu tam ic acid  A , and a la n in e  O, 
form ed in  /tm oles/m g. o f protein  N/2J5 hr.

15]
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T a b l e  4

A c t i v i t i e s  of  d i f f e r e n t  t ra n sa m in a se s  in  ra t  l iver ,  k id n e y  a n d  h ea r t  m u sc le  
T ra n sa m in a tio n  expressed  as in crease  o f g lu ta m ic  acid  in  nm oles per g. o f  w et tis su e

Substrates for transamination

(S-Aminolaevulic
acid Aspartic acid Alanine

Heart muscle 1.39 385.7 102.8
1.56 300.0 71.2
2.12 278.0 85.7

5.56 145.7 300.0
Liver 3.51 167.0 180.0

2.73 113.0 120.0

• _ 300.0 12.80
Kidney — 180.0 5.56

2.34 137.0 7.22

T a b l e  5

E n z y m e  p u r if ic a t io n  w i t h  a m m o n iu m  su lp h a te

Fraction Protein Specific activity * Degree o f purification*
mg. N/m l. a b c d a b c d

Ox kidney homogenate 
Supernatant

5.56
2.80

0.29
0.68

0.15
0.50

7.48
10.40

0.54
0.84 2.3 3.2 1.4 1.6

I Fraction 
(0.4 amm. sulph. sat.) 0.38 3.32 2.86 16.10 2.38 11.5 18.6 2.1 4.5

II Fraction 
(0.55 amm. sulph. sat.) 0.60 1.92 1.20 4.8 1.62 6.6 7.8 0.6 3.0

I l l  Fraction 
(0.7 amm. sulph. sat.) 0.93 0.97 1.04 4.48 0.16 3.3 6.8 0.6 2.2

* a = (5 -am in o laevu lic  a c id -g lu ta m ic  acid  tran sam in ase  
b =  (5-am inolaevulic a c id -a la n in e  tran sam in ase  
c —A spartic a c id -g lu ta m ic  acid  tran sam in ase  
d =  A spartic a c id -a la n in e  tra n sa m in a se

lationship between ALA transam ination and the nucleic acid metabolism 
because the organs w ith a higher TrALA content possess a high nucleic 
acid metabolism,

8 . To test the relationship betw een TrALA and erythropoietic activity 
we studied the transam inase activity in nucleated erythroblasts of rabbit 
bone m arrow, and compared it w ith  the activity  in erythrocytes of the 
peripheral blood of the  same anim al. The m arrow  of heparinized anim als
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T a b 1 e 6

The  a v era g e  v a lu es  of 6 -a m in o la evu l ic  ac id  tra n sa m in a se  a c t i v i t y  in  organs of the  ra t  
N et increase o f  a la n in e  and  g lu ta m ic  acid  in  iim oles/g. w et t is s u e  per 3 hr. in cu b a tio n . T he  

m ean  va lu es o f  10 assays are g iven , +  S.D.

Tissue Alanine Glutamic acid

Kidney 18.37 ± 13.0 29.3 ± 18.5
Small intestine 11.88 ± 8.6 14.79 ± 11.2
Spleen 9.64 ± 7.77 17.15 ± 9.3
Liver 6.86 ± 3.26 11.06 ± 9.9
Heart 7.33 ± 5.27 7.35 ± 6.1
Lung 5.41 ± 3.03 7.67 ± 4.02
Bone marrow 4.38 ± 1.75 10.3 ± 5.6
Brain 4.0 ± 1.48 8.3 ± 2.03
Plasma 5.33 ± 3.5 2.59 -j- 1.8
Erythrocytes 3.44 ± 0.34 3.24 ± 1.55
Muscle 1.94 ± 0.6 4.78 ± 2.3

T a b l e  7

A c t i v i t y  of  6 -am in o laevu l ic  ac id  t ransam inase  in ra b b i t  e r y th r o c y t e s  and  e ry th ro -
blastes

N et increase o f am in o  acids in  /»m oles/m g. p ro te in  n itrogen /3  hr.

Animal

Erythrocytes o f peripheral 
blood

Bone-marrow erythro- 
blastes

Alanine Glutamic
acid Alanine Glutamic

acid

1 0.01 0.02 0.83 0.29
2 0.03 0.02 0.27 0.18
3 0.015 0.01 0.81 0.60

4 0.025 0.015 0.77 0.19

was suspended in saline and ejected through syringe needles of decreasing 
diam eter, thereafter centrifuged for 10 minutes at 2000 r.p.m. The bottom 
layer w ith the highest concentration of erythroblasts was washed with 
saline, centrifuged and then used. The results (Table 7) expressed as 
activity per mg. of protein nitrogen indicate that the transam ination in 
the nucleated bone m arrow  cells is much higher than that of erythrocytes 
of peripheral blood which is negligible. The transam ination in nucleated 
rabbit bone m arrow cells reaches values similar to the transam inase activity 
found in ra t liver or kidney homogenates. Nucleated hen erythrocytes 
show a negligible TrALA content like non-nucleated ra t and rabbit ery thro
cytes.
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DISCUSSION

In the above study it could be shown that the transam ination in bio
logical m aterial of ALA to GLA and to PA is of enzymatic nature. This 
conclusion may be draw n from  the comparison of TrALA activity  in 
heated and unheated homogenates as well as from  the physico-chemical 
features of the  reaction which are enzymatic in character (dependence 
of the enzyme activity on substrates concentration, pH and incubation 
time).

The question of the existence of a transam inase as an enzyme w ith 
group specificity is not definitely explained. It is not clear w hether any 
individual transam inase exists for each amino acid or there is only one 
enzyme for all amino acids. It is known that m any amino acids undergo 
transam ination, but the obtained preparations of purified enzyme as yet 
were able to catalyze only a few or one reaction of this type. There
fore it seems more probable that the transam ination of each amino acid 
is catalyzed by a specific enzyme.

The comparison of the various organs of transam inase activity w ith 
ALA, ASPA and AL, as well as the results obtained during the process 
of enzyme purification seem suggest that TrALA activity is not a partial 
function of the known transam inases (TrASPA and TrAL) but is a specific 
enzyme.

Roberts [7] showed that not only a-am ino acids undergo transam ination 
but also /S- and y-am ino acids. The transam ination of <5- or y-amino acids 
((5-aminoornithine, y-am inobutyric acid) stated by Roberts, was supported 
in our experim ents w ith <5-aminolaevulic acid. Like the y-am inobutyric 
acid transam ination the  efficiency of ALA transam ination is ra ther low 
as compared to the a-am ino acid transam ination.

ALA after transam ination seems to be changed into a-oxoglutaric 
semialdehyde which takes part in th e  succinate-glycine cycle as shown 
by Shemin [8] :

HOOC • CH , • C H , • CO • CH , • N H , +  CH:i • CO • COOH  
a m in o la ev u lic  acid  

C H :j • CH(NH,)COOH +  HOOC • CH, • CH, • CO • CHO  
o x o g lu tar ic  sem ia ld eh y d e

We could not dem onstrate the presence of oxoglutaric semialdehyde 
in our incubation m ixture because of the lack of adequate analytical tests. 
But Nemeth, Russel and Shem in [5], using oxoglutaric semialdehyde 
labelled w ith 14C, showed that this compound is a precursor of the purine 
ring in  nucleic acid biosynthesis.
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It is possible that the relationship between TrALA and ALA dehydrase 
activities in tissues determ ines the fate of ALA in cell metabolism and 
the rate  of its utilisation in  heme or purine biosynthesis. If so, cells 
w ith a  pronounced nucleic acid metabolism should show a higher tran s
aminase activity than cells w ith poor nucleic acid metabolism do. The 
reported results seem to support this supposition, since homogenates of 
organs w ith high nucleic acid metabolism show a higher TrALA content. 
The ripening of erythroblasts which is connected w ith a decrease of nucleic 
acid metabolism and an increase of haemoglobin content is characterized 
by a low TrALA activity. The found activity of birds (hen) nucleated 
erythrocytes which have no nucleic acid metabolism [1] did not reveal 
a higher TrALA content, is consistent w ith this hypothesis.

The skilled technical assistance of Mrs. D. Rzepniewska, Miss Z. Dlugo- 
borska, Mr. T. Turkiewicz and Mr. K. Radziszewski is gratefully acknow
ledged.

SUMMARY

The enzymatic nature of the transam ination of 0-aminolaevulic acid- 
-u-oxoglutaric acid and ó-aminolaevulic acid-pyruvic acid was proved. 
The effect of pH, substrate concentration and incubation tim e has been 
exam ined. 18-fold increase of the <5-aminolaevulic acid transam inase 
activity could be obtained by fractionation with amm onium  sulphate.

Organs w ith high nucleic acid metabolism as well as erythroblasts 
of bone m arrow showed high <5-aminolaevulic acid transam inase activity, 
m ature erythrocytes showed only negligible activity. The role of this 
transam inase has been discussed.
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B A D A N IA  N A D  T R A N SA M IN A C JĄ  K W A SU  <5-AM INOLEW ULINOW EGO

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

Potwierdzono enzymatyczny charakter transam inacji: kwas ¿¡-amino- 
lewulinowy-kwas a-ketoglutarow y i kwas ó-aminolewulinowy-kwas piro- 
gronowy. Zbadano wpływ  pH, stężenia substratów  i czasu inkubacji. Sto
sując frakcjonowanie siarczanem  amonu uzyskano preparaty wykazujące 
18-krotne zwiększenie aktywności transam inazy kwasu ó-aminolewulino- 
wego (TrALA).

Narządy odznaczające się żywą przem ianą nukleinową i ery troblasty  
szpiku wykazały wysoką aktywność TrALA. Dojrzałe erytrocyty posia
dają jedynie nieznaczną aktywność. Przedyskutowano rolę tej trans
aminazy.

O trzym ano 1.12.1958 r.
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A. M. DANCEWICZ, Z. SZOT, O ROSIEK i E. KOWALSKI

WPŁYW PROMIENIOWANIA RENTGENOWSKIEGO 
NA TRANSAMINACJĘ KWASU Ó-AMINOLEWULINOWEGO 

I ASPARAGINOWEGO W NIEKTÓRYCH NARZĄDACH 
SZCZURÓW

Z a k ła d  O c h ro n y  Z d r o w ia  In s ty tu tu  B adań  J ą d ro w y c h ,  W a r sza w a  
K ie r o w n ik :  Doc. d r  E. K o w a l s k i

W yniki badań nad wpływem  promieniowania jonizującego na trans- 
am inację [1, 2, 3, 5, 7, 8] prowadzonych na różnych obiektach, różnymi 
metodami i dotyczących różnych transaminaz trudno jest porównywać ze 
sobą. Tonhazy, W hite i Um breit [8] nie stwierdzili istotnych zmian czyn
ności transam inazow ej w sercu i wątrobie naprom ieniowanych zwierząt. 
Milch i A lbaum  [7] wykazali, że aktywność transam inazy glutaminowo- 
szczawiooctowej w osoczu krwi królików i szczurów wzrasta już w kilka 
godzin po naprom ieniowaniu. Autorom tym  nie udało się jednakże stw ier
dzić zależności pomiędzy aktywnością transam inazy a długością czasu prze
życia naprom ienionych zwierząt. Brin i McKee [2] stw ierdzili zwiększenie 
aktyw ności transam inazy glutaminowo-szczawiooctowej i glutaminowo- 
pirogronowej w w ątrobie a zmniejszenie w jelitach naprom ienianych 
szczurów. Największe zmiany autorzy stwierdzili około 4 dnia od napro
m ieniania, a około 10 dnia aktywność transam inazy powracała do w ar
tości norm alnej. Brent i współprac. [1] badając poziom, transam inazy oso- 
czowej królików i szczurów w różnych odstępach czasu od naprom ie
nienia wykazali, że wzrost aktywności jest w yraźny 24 godziny po na
prom ienieniu. Autorzy ci stw ierdzają jednak, że wobec dużych różnic 
indyw idualnych właściwa in terpretacja wyników możliwa jest jedynie 
wówczas, kiedy znany jest poziom transam inazy przed naprom ienieniem  
badanego osobnika.

Celem niniejszej pracy, będącej dalszym ciągiem studiów nad trans- 
am inacją kwasu <5-aminolewulinowego (ALA) było poznanie wpływu pro
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m ieniowania rentgenowskiego na transam inację ALA w niektórych na
rządach szczura. W celach porównawczych badano również transam inację 
kwasu asparaginowego (ASPA).

MATERIAŁY I METODY

Do badań użyto białe szczury rasy W istar wagi 150—250 g, płci mę
skiej, karm ione standardowym  pokarmem.

Aktywność transam inacji oznaczano w  homogenatach wątroby, nerki 
i śledziony wg m etody opisanej szczegółowo w poprzednim doniesieniu [6], 
M iarą aktywności były przyrosty netto kwasu glutaminowego i alaniny 
po 2,5-godzinnej inkubacji badanego układu. Przyrosty aminokwasów

T a b l i c a  1

C zy n n o ść  t ra n s a m in a zy  k w a s u  6 -a m in o le w u l in o w e g o  w  ś ledzion ie ,  nerce  i w ą t r o b ie  
s zczu ra  n a p ro m ie n io n e g o  na całe  c ia ło  r ó ż n y m i  d a w k a m i  p r o m ie n io w a n ia  r e n tg e 

n o w s k ie g o
A ktyw n ość tran sam in azy  m ierzona  jak o  przyrost kw asu  g lu tam in ow ego  (G l) i a la n in y  (A l) 

w  ¿tm olach /g  m okrej tk an k i. ±  śred n ie  od ch y len ie

i Czas od 
napromie

niania

Liczba
zwierząt

n

Transaminaza kwasu aminolewulinowego

śledziona nerka wątroba

Al Gl Al Gl Al Gl

0 rentgenów

1 ~~ 10 9,6 ±  7,7 17,5 ±  9,3 18,4 ± 13 ,0 29,3 ±18 .5 6,9 ±  3,3 11,1 ±  9,9

50 rentgenów

1 d 6 4.8 ±  0.6 —  __ 13,1 ±  2,7 19,3 ±  5,7 14,8 ±  3,3 6,1 ±  1,0
3 d 6 8,5 ±  1,9 4,6 ±  0,3 6,8 ±  1,6 16,3 ±  4,5 5,8 ±  1,8 5.3 ±  1,1
5 d 6 3,9 ±  0,9 3,6 ±  0,4 5,4 ±  1,4 9,1 ±  3,5 5,0 ±  0,6 4,5 ±  1,8

10 d 6 3,7 ±  0,7 1,7 ±  0,1 9,3 ±  2,2 19,1 ±  6,5 9,1 ±  3,7 6,0 ±  1,2

400 rentgenów

1 d 4 5,6 ±  0,2 4,3 ±  0,1 6,0 ±  1,3 12,1 ±  7,1 4,5 ±  0,5 2,3 ±  0,2
3 d 6 9,0 ±  5,1 2,3 ±  1,0 4,1 ±  2,2 5,5 ±  4,3 13,2 ±  3,2 5,9 ±  1,9

18 d 6 4,3 ±  1,2 1 ,4 ±  0,6 6,5 ±  0,9 9,9 ±  3,0 8,3 ±  0,4 2,3 ±  1,1
I 21 d 6 3,1 ±  1,0 1,5 ±  1,0 7,2 ±  0,9 5,4 ±  2,5 4,8 ±  0,9 3,8 ±  0,7

650 rentgenów

3 g 5 3,4 ±  3,5 2,1 ±  1,8 4,2 ±  2,0 9,8 ±  6,5 1 0 ,0 ±  5,3 7,0 ±  3,2
6 g 3 9,3 ±  3,0 5,9 ±  2,8 2,6 ±  0,2 12,6 ±  3,1 9,8 ±  2,5 11,7 ±  3,5

12 g 3 7,9 ±  1,7 1,7 ±  0,3 7,2 ±  1,5 1 3 ,0 ±  0,5 4,6 ±  0,6 10,6 ±  1,9
1 d 6 7,2 ±  2,4 4,8 ±  1,6 4,4 ±  2,2 12,7 ±  0,7 14,0 ±  7,1 7,0 ±  1,2
3 d 2 16,2 ; 0.0 5,1 ; 11,2 3,3 ; 12,9 24,3 ; 23,8 9,0 ; 1,0 6,3 ; 6,2

7 d
2 6,9 ; 23,2 5,6 ; 27,8 3,2 ; 5,1 12,2 ; 11,8 7,5 ; 11,7 2,8 ; 14,0

10 d 2 1,8 ; 11,3 16,7 ; 0,0 6,4 ; 10,2 17,6 ; 11,7 6,3 ; 8,8 5,7 ; 13,8
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obliczano w  ¿¿molach na gram  mokrej tkanki, a w niektórych próbkach 
również na mg azotu białkowego oznaczonego metodą Kjeldahla.

Do naprom ieniania stosowano aparat rentgenowski typu „Stabilipan“ 
z lam pą TR-220 d; napięcie 160 kV, prąd 15 mA, filtr  0,5 Cu. Dawkę pro
m ieniowania ustalono pomiarem w powietrzu za pomocą dawkomierza 
Siemens Universal Dosismesser. Zwierzęta umieszczano w tekturowych 
pudełkach o wielkości odpowiadającej wielkości zwierząt. Odstęp od 
ogniska lam py do środka pudełka wynosił 93 cm. Dawka mierzona we
w nątrz pudełka w tych w arunkach 9,5 r/m in. Wielkość żądanej dawki 
globalnej uzyskano regulując długość czasu naprom ieniania. Napromie
niano równocześnie 2— 6 zwierząt.

Dla celów kontrolnych wykonano oznaczeni© średnich aktywności 
transam inazy kwasu <5-aminolewulinowego (TrALA) i transam inazy kwasu

T a b l i c a  2

C zy n n o ść  t r a n s a m in a z y  k w a s u  a sp a ra g in o w eg o  w  śledzion ie ,  nerce  i w ą t r o b ie  szczura  
n a p ro m ie n io n e g o  na całe  c ia ło  r ó ż n y m i  d a w k a m i  p r o m ie n io w a n ia  r e n tg e n o w sk ie g o
A ktyw n ość tra n sa m in a zy  m ierzon a  jak o przyrost kw asu  g lu tam in ow ego  (G l) i  a la n in y  (A l) 

w ¿¿m olach/g m okrej tk a n k i ±  średn ie  od ch y len ie

Czas od 
napro
mienię 

nia

Liczba
zwie
rząt

71

Transaminaza kwasu asparaginowego
śledziona nerka wątroba

Al G l Al Gl Al Gl

0 rentgenów

— 10 2 ,8 ±  1,4 74,3 ±  20,9 ¡11,4 ±  2,1 92,0 ±  13,5 75,4 ±  15,0 47,8 ±  6,8

50 rentgenów

1 d 6 1,0 ±  0,9 60,4 ±  17,5 19,8 ±  9,7 97, ±  59,0 97,4 i  16,4 4 4 ,1 ±  8,3
3 d 6 4,4 ±  0,1 115, ±  3,8 8,7 ±  3,8 120,0 ±  19,0 90,7±  23,4 51,8±28,2
5 d 6 3,7 ±  0,4 76,1 ±  8,2 12,8 ±  4,9 72,3 ±  15,4 73,2 ±  3,0 39,5 ±  1,5

! 10 d 6 0,2 ±  0,3 123, ±  19,7 8,8 ±  1,7 158,0 ±  31,5 77,7 ±  3,8 63,0 ±  5,0

400 rentgenów

1 d 4 3,7 ±  0,4 66,3 ±  1,4 17,8 ±  1,6 76,7 ±  4,6 79,4 ±  14,1 43,2 ±  7,4
3 d 6 2,9 ±  0,9 73,4 ±  18,0 13,1 ±  2,9 114,5 ±  54,5 70,5 ±  13,7 43,1 ± 11 ,9

18 d 6 2,3 ±  0,7 86,3 ±  23.0 14,4 a. 4.5 119,2± 51,0 117,1 ±  27,5 50,4 ±  9,6
21 d 6 3,7 ±  1,2 67,3 ±  10,8 15,7 ±  7,0 94,3 ±  12,2 84,7 ±  19,4 50,3 ±  9,3

650 rentgenów

3 g 5 86,8 ±  20.7 4,4 ±  2,7 96,6 ±  7,1 48,3 ±  16,8 40,1 ± 11 ,6
6 g 3 5,0 ±  0,2 103,3 ±  46,0 9,6 ±  3,8 76,9 ±  8,4 73,2 ±  29,5 47 ,2±20 ,5

12 g 3 2,1 ±  1,4 146,0 ±  63,5 10,1 ±  4,1 123,5 ±  5,0 94,0 ±  17,6 106,0±17,5

1 d  1
6 2,4 ±  1,5 191,0 ±  23,8 7,0 ±  0,3 200,0 ±  25,0 126,0 ±  37,3 129,8 ±30 ,8

3 d 2 6,6 ; 13,0 120,0 ; 220,0 8,6 ; 22,6 75,0 ; 106,0 60,0 ; 95,5 45,3 ; 44,6

7  d
2 8,0 ; 22,1 135,0 ; 185,0 10,5 ; 12,8 79,2 ; 102,0 59,3 ; 51,1 57,5 ; 51,9

10 d 2 6,9 ; 7,7 140,0 ; 240,0 16,8 ; 15,9 78,5 ; 113,0 85,6 ; 117,0 69,2 ; 95,8
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asparaginowego (TrASPA) w narządach zwierząt nie naprom ienianych 
(10 szczurów). Zwierzęta naprom ieniane badano po upływ ie 3, 6 , 12 godz. 
i 1, 3, 7 i 10 dni od naprom ieniania dawką 650 r; 1, 3, 18, 21 dni od na
prom ieniania dawką 450 r  oraz 1, 3, 5 i 10 dni od chwili naprom ieniania 
daw ką 50 r.

WYNIKI

W yniki wykonanych oznaczeń TrALA i TrASPA, w przeliczeniu na 
gram  mokrej tkanki przedstawiono na tablicy 1 i 2.

Uzyskane dane wskazują, że TrALA ulega pod wpływem  promienio
w ania na ogół nieznacznym zmianom. Leżą one w obszarze wartości nor
m alnych (średnia ± 3a). W śledzionie i nerce w skazują one na zmniej
szanie się aktywności TrALA pod wpływem promieniowania. W wątrobie 
zmiany aktywności TrALA po naprom ienieniu w niektórych przypadkach 
m ają raczej tendencję wzrostową. Dotyczy to zarówno transam inacji 
ALA — kwas a-ketoglutarowy, jak i ALA — kwas pirogronowy. W żad
nym  narządzie nie stwierdzono wyraźnej zależności zmian aktywności 
TrALA od okresu choroby popromiennej.

W przeciwieństwie do TrALA aktywność TrASPA w przypadku kwasu 
a-ketoglutarow ego jako biorcy grupy aminowej w ykazuje tendencję zwyż
kową; chociaż i w tym  przypadku wszystkie uzyskane wartości pokry
w ają się z obszarem wartości normalnych (średnia ± 3ct).

Transam inaza ASPA — kwas pirogronowy w ystępuje w  ilościach rzędu 
TrASPA — kwas a-ketoglutarow y jedynie w wątrobie. I w tym  też na
rządzie zachowuje się pod wpływem promieniowania podobnie jak 
TrASPA — kwas a-ketoglutarowy. W niektórych przypadkach aktywność 
jej ulega nieznacznemu zwiększeniu.

W śledzionie i nerce wartości TrASPA są rzędu TrALA. W niektórych 
przypadkach aktywność TrASPA w tych narządach również wykazuje 
nieznaczne zwiększenie po naprom ieniowaniu zwierząt. Aktywności TrALA 
i TrASPA po przeliczeniu na mg azotu białkowego wykonywane w części 
m ateriału  również pokrywają się z obszarem wartości normalnych, nie 
wykazując statycznie pewnej zależności czynności tych enzymów od na
promieniowania zwierząt.

DYSKUSJA

W przeciwieństwie do innych enzymów, u których łatwo stwierdzić 
można wpływ promieniowania, transam inazy są enzymami o stosunkowo 
małej promienioczułości [7, 8] i trudno jest stwierdzić istotne zmiany ich 
aktywności po napromieniowaniu. W ahania zawartości enzymu w narzą
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dach zwierząt zdrowych są tak wielkie, że rozrzuty wartości uzyskanych 
u różnych osobników są przeważnie większe aniżeli ew entualne zmiany 
po naprom ienieniu [1]. Podobne trudności nasunęły się również przy in te r
pretacji naszych wyników.

Oznaczenia TrALA wykonane w analogicznych w arunkach przebiegu 
choroby popromiennej u szczurów jak  w naszej pracy na tem at w pływu 
promieniowania na czynność dehydrazy ALA [4] nie wykazują zwiększe
nia aktywności enzymu, jak w przypadku dehydrazy ALA, a nawet su
gerują, że promieniowanie zmniejsza aktywność TrALA w śledzionie, 
a w niektórych przypadkach i w nerce. W wątrobie natom iast w niektó
rych przypadkach obserwowano tendencję wzrostową aktywności TrALA. 
Statystycznie różniących się wartości aktywności TrALA w obu grupach 
zwierząt (kontrolnych i naprom ienianych) nie uzyskano. Różnic takich nie 
wykazują również badania innych autorów [1, 8].

Również w  przypadku TrASPA aktywności oznaczone w narządach 
zwierząt naprom ienianych leżą w obszarze wartości norm alnych (średnia 
± 3 o). W przeciwieństwie do TrALA jednak TrASPA — kwas a -keto- 
glutarowy w ykazuje tendencję wzrostową po napromieniowaniu. Zacho
wanie się tej transam inazy, w ybranej dla porównawczego oznaczania, jest 
w zasadzie zgodne z obserwowanymi przez Brina i McKee [2] zmianami 
transam inazy w wątrobie po naprom ienieniu zwierzęcia.

Zachowanie się TrALA pod wpływem  naprom ienienia zwierząt różni 
się od zachowania się TrASPA, naw et jeśli wyniki przeliczone zostaną na 
zawartość azotu białkowego. Fakt ten popiera w pewnym stopniu postu
lowaną poprzednio [6] specyficzność TrALA.

Poprzednie nasze badania wykazały, że enzym katalizujący przem ianę 
kwasu (5-aminolewulinowego w porfobilinogen i skierowujący go na drogę 
biosyntezy porfiryn i hemu — dehydraża kwasu (5-aminolewulinowego 
ulega w śledzionie i szpiku kostnym  naprom ienionych zwierząt zwięk
szeniu w pierwszych dniach po naprom ienieniu dawką 50— 100 r  i w dru
gim, regeneracyjnym  okresie choroby popromiennej (18—21 dni po dawce 
400 r). Zakładając, w wyniku prowadzonych badań nad transam inacją 
ALA, że proces ten jest konkurencyjnym  procesem przem iany ALA w sto
sunku do syntezy porfobilinogenu, można było oczekiwać mniejszej aktyw 
ności TrALA w w arunkach zwiększonej syntezy hemu, tzn. w w arunkach 
zwiększenia funkcji dehydrazy ALA. Duże rozrzuty aktywności TrALA 
nie pozwalają jednak na wyciągnięcie jednoznacznych wniosków i tym  
samym na bezwzględne stw ierdzenie przeciwstawnego w stosunku do de
hydrazy ALA zachowania się transam inazy ALA w narządach naprom ie
nianych zwierząt. Brak wyraźnego zwiększenia aktywności tego enzym u 
po naprom ienieniu szczurów, przy tendencji wzrostowej TrASPA stw ier

WPŁYW PROMIENI RENTGENA NA TRANS AMIN AC JĘ £71
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dzonej w tych w arunkach, upoważnia nas jednakże do przypuszczenia, 
że konkurencyjna rola TrALA w  stosunku do dehydraży ALA w prze
m ianie kwasu <5-aminolewulinowego nie może być wyłączona.

Asystentom  technicznym, D. Rzepniewskiej, Z. Długoborskiej, W. Tro
janowskiej i K. Radziszewskiemu składamy podziękowanie za pomoc w  se
ryjnych analizach wykonywanych w toku niniejszej pracy.

STRESZCZENIE

Aktywność transam inacji kwasu ó-aminolewulinowego i kwasu aspa
raginowego badana w homogenatach wątroby, nerki i śledziony szczu
rów naprom ienionych dawką 50, 400 lub 650 r różni się jedynie nieznacz
nie od wartości oznaczonych w tych narządach zwierząt nie naprom ienio
nych. W artości TrALA są przy tym  nieco niższe, a TrASPA nieco wyższe 
od normalnych.
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TH E IN FL U E N C E  OF X -IR R A D T A T IO N  O N cJ-AM’ N O L A E V U L IC  A N D  A SPA R T IC  
A C ID  T R A N SA M IN A T IO N  IN  SOM E O R G A N S OF TH E RA T

S u m m a r y

ô-Aminolaevulic and aspartic acid transam ination has been examined 
in homogenates of liver, kidney and spleen of rats after whole body 
irradiation w ith doses of 50, 400 or 650 r. It could be stated only insi
gnificant differences between those values and corresponding activities 
in- organs of non-irradiated animals. TrALA activity after irradiation has 
tendency to decrease and TrASPA activity to increase.

O trzym ano 23.12.1958 r.
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The work of Garcia, Tixier and Roche [6] pointed to the presence of 
the ornithine cycle components and to the enzymatic degradation of arg i
nine to ornithine in insects such as B om byx mori, Apis mellificia  and Lo- 
custa migratoria. They failed, however to dem onstrate the accompanying 
urea- form ation. Kilby and Neville [9] found in 1957 a ra ther high argi- 
nase activity in Locusta, resulting in production of urea and ornithine. 
Desai and Kilby did not find any arginase activity in Calliphora 
larvae [4].

The present work aimed at researches of arginase in Celerio euphor- 
biae and at a  study of its activity in various tissues during different 
stages of the insect’s growth.

EXPERIMENTAL AND RESULTS

Feeding caterpillars, “running” caterpillars, “spin dl e-form s” , two 
months old pupae and the adult moths of Celerio euphorbiae were used. 
Whole insects or isolated tissues were homogenized in a glass homogenizer 
w ith 2— 10 volumes of distilled w ater, according to the expected activity.

Urea contents was determ ined by (I) the Fosse’s xanthydrol m ethod 
as m odified by Engel and Engel [5]. X anthydrol was prepared from xanton, 
according to the W erner’s m ethod described by Greenberg [7]. It was then 
dissolved in m ethanol at some few days intervals and stored at 4°. (II) 
w ith urease, ammonium being estim ated by Conway’s m ethod [2]. Soluble 
urease (E. R. Squibb and Sons, New York) and arginine (Chemapol, P rague, 
Czechoslovakia) were used.

The prelim inary experim ents were carried out on homogenates of 
caterpillars in the last instar and of adult moths. The form ation of urea 
was assumed to be an evidence for the arginase activity.

[273]
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The incubation m ixture consisted of 0.5 ml. of the  0.85 m  -arginine 
solution (425 //moles) adjusted to pH 9.5 and 1 ml. of the homogenate, 
containing 100 to 300 mg. of tissue, according to its enzym atic activity. 
The m ixture was incubated for 10 min. at 25°. Two control tests were 
incubated at the same time. One of them  contained arginine solution at 
pH 9.5, the other homogenate only. The reaction was stopped by the 
addition of 2 ml. 87% acetic acid. The precipitated protein  was removed 
by centrifugation, and urea estim ated by means of xanthydrol in the 
supernatant. No urea was found in e ither control test, it was found every 
time when arginine was incubated w ith the whole insect homogenates.

T a b l e  1

E st im a t io n  of urea by  x a n th y d r o l  and  b y  urease  m e th o d  a f te r  th e  in cu b a t io n  of  
fa t - b o d y  and  m usc le  h o m o g e n a te  of C. e u p h o rb ia e  w i t h  a rg in in e

0.5 m l. 0.85 m- arg in in e, 1 m l. h o m o g en a te ; pH 9.5, in cu b a tio n  2-hr.

Experiment
No.

¿tmoles o f urea formed

xanthydrol method : urease method

1
2

5.3 5.4 
4.0 4.2

To confirm  the urea form ation and to check the values obtained by 
xanthydrol, the urease method was also applied. 1 ml. of the homogenized

fat bodies and muscles of adult m oth was 
incubated w ith 0.5 ml. of arginine 
solution a t pH 9.5 for 2 hours. Protein 
being removed, the filtra te  was divided 
into tw o parts. Urea was estim ated by 
xanthydrol m ethod in one of them, 
while the other was adjusted to pH 7.0. 
Then, the 0.5 ml. samples were placed 
in Conway’s diffusion dish, added w ith
0.2 ml. phosphate buffer pH 7.00 and
0.3 ml. of the  urease solution. The incu
bation was carried out for 3 hours at 
25°. 1 ml. of the saturated  K 2CO3 solu
tion was added, and the whole allowed

to stand overnight. Nessler reagent being added, the ammonia contents
was estim ated colorimistricahy. The values found for ammonia in control 
tests were accounted for, and the am ount of urea was calculated. Table 1 
shows the urea contents as m easured by either xanthydrol or urease
methods. It can be seen, that the results obtained by both methods are
in accordance.

Fig. 1. T he e ffec t o f pH upon the  
a rg in ase  a c tiv ity  in  fa t-b o d y  of 
feed in g  caterp illars C. euphorbiae .  
H om ogen ate  0.5 m l; 0.®5 M -arginine  
so lu tion , 0.5 m l; 0.2 M -phosphate or 

g ly c in e  b u ffer  0.5 m l.
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To follow the effect of pH upon the arginase activity the homogenized 
fat bodies of feeding caterpillars were used. Phosphate buffers were 
applied for pH 5.0 to 7.0, w hereas glycine buffers for pH 7 to 11.5. Results 
(Fig. 1) indicated pH 9.5 as an optim um  for arginase activity, according 
with the data referred to for arginase from  other sources.

The distribution of the arginase activity in various tissues of Celerio 
euphorbiae was studied during different stages of its growth. Results 
listed in Table 2 show, that the arginase activity has been found in all 
examined stages of growth. It has been present in fat-body and muscles 
but not in haemolymph. The highest activity has been found in the fat- 
-body of feeding caterpillars and of adult moths.

T a b l e  2
A rg in a se  a c t i v i t y  in v a r io u s  t is su es  of C. eu p h o rb ia e  in  d i f f e r e n t  s tages  of i t s  g ro w th  

10 m l. o f hom ogen ate , 0.5 m l. 0.85 M -arginine so lu tio n , pH 9.5, in c u b a tio n  10 m in .

Age
Experi

ment
No.

Urea formed (^m oles/g. o f tissue)

fat-body muscles haemolymph

Feeding 1 10.8 6.0 0.0
caterpillars, 2 11.1 5.3 0.0
last instar 3 12.2 3.8 0.0

Running 1 5.8 3.9
1

0.0
caterpillars 2 4.4 4.0 0.0

3 6.3 4.5 0.0

Spindle 1 5.8 3.7 0.0
forms 2 4.4 4.0 0.0

3 4.7 —

Pupae* 1 3.3 0.0
2 2.5 0.0

Adult 1 9.7 4.2 _
moths 2 10.5 3.2 —

* T he h om ogen ate  was preparated from  fa t-b o d y  and  m u sc les  a ltogeth er .

DISCUSSION

The enzymatic degradation of arginine to urea is rather an unexpected 
process in insects, since uric acid is known to be the end product of their 
protein metabolism.

The contribution of urea to the uric acid synthesis as referred  to by 
Leifert [10] has not been supported by other authors. The investigations 
of Desai and Kilby [3] as well as those of Anderson and Patton [1] did 
not show any increase of uric acid in the presence of urea nor any other
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simple compound. On the o ther hand, Heller and Jeżewska [8] have shown 
in this Laboratory that the uric acid synthesis in the Oak feeding Silk
worm follows the pattern  given by Levenberg, Helnick and Buchanan [11] 
and generally acoepted for higher animals.

The papers quoted above [6, 9] point to the presence of arginase in 
some insects during their all life, while in certain stages only in others. 
Some elucidation of the problem  m ay be expected only when more ex 
perim ental data were gathered and confronted w ith the  other known 
inform ation dealing w ith the metabolism of the given insect and stage.

As yet it is possible only to speculate tha t there m ay exist some 
relationship between the arginase activity and the metabolic pathway 
leading from  ornithine to orotic acid and pyrim idine bases. In favour of 
such a suggestion it may be quoted tha t Lieberman and Kornberg [12] 
have shown that orotic acid may be degradated to dihydroorotic acid and 
ureido-succinic acid.

SUMMARY

The arginase activity has been found in fat-body and in muscles of 
the Celerio euphorbiae at various stages of its life. No activity has been 
found in the  haemolymph.
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A R G IN A Z A  U M O TY LA C E L E R IO  E U P H O R B IA E

S t r e s z c z e n i e  
Stwierdzono aktywność arginazy w ciele tłuszczowym i mięśniu u mo

tyla Celerio euphorbiae w różnych stadiach rozwojowych. Nie znaleziono 
jej natom iast w hemolim fie owada.

O trzym ano 16.2.1950 r.
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PRZEMIANY ZWIĄZKÓW SIARKOWYCH W PŁYTKACH KRWI 
LUDZKIEJ. TWORZENIE TAURYNY

Z a k ła d  C h e m ii  F iz jo lo g ic zn e j  A .  M. w  K r a k o w i e  
K i e r o w n i k  Z a k ła d u :  prof.  d r  B. S k a r ży ń s k i

Płytki krw i ludzkiej są komórkami niezbyt dokładnie poznanymi za
równo pod względem składu chemicznego jak i przem ian enzymatycznych. 
Dotychczasowe badania nad zawartością i rolą rozm aitych organicznych 
związków siarki w płytkach m ają charakter fragm entaryczny. Pierwszy 
Chargaff [7], a później N um ata [14] zwrócili uwagę na związki siarkowe 
w trombocytach. Następnie Szirmai [16] oraz Koppel i Olwin [11] do
nieśli o wybitnej aktyw acji dehydrogenaz i metabolizmu gazowego płytek 
pod wpływem cysteiny i glutationu. Dopiero jednak chromatograficzna 
analiza cytolizatów i hydrolizatów płytkowych dokonana przez Morita 
i Asada [13] rzuciła więcej światła na to zagadnienie. W edług tych autorów 
płytki zawierają m. in. wolną cystynę, kwas cysteinowy, metioninę, glu- 
tation oraz pokaźne ilości wolnej tauryny. Zawartość tauryny jest tak 
znaczna, że badacze japońscy uznali ją za substancję wyróżniającą trom - 
bocyty od innych elem entów morfotycznych krwi. Fakt ten pozwala na 
postawienie pytania, jakie jest pochodzenie tauryny  w płytkach, a więc 
czy jest ona tylko transportow ana, czy też w ytw arzana czynnie na drodze 
odpowiednich przemian enzymatycznych. Doświadczenia T ruhaut i Cla- 
net [18] ze znakowaną tauryną w strzykiw aną dożylnie szczurom wskazują 
na możliwość wybiórczego gromadzenia się tauryny w  płytkach. Nato
miast zawa-rtość innych połączeń siarkowych, mogących być prekurso
rami tauryny wskazuje raczej na endogenne pochodzenie tego związku.

W pracy naszej pragnęliśm y określić ilościowo zawartość tauryny 
w płytkach krw i ludzkiej, rozstrzygnąć czy tauryna może być w płytkach 
wytwarzana, a  jeśli istotnie powstaje, to na jakiej drodze i jakie związki 
są dla niej substancjam i macierzystymi. Mechanizm powstawania tauryny 
w  organizmie zwierzęcym jest ciągle dyskutowany. Opierając się na do
świadczeniach Bernheim  [5], V irtue [19], Blaschko [6] oraz Medes

[277]
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i Floyd [12], wielu autorów uważa, że tauryna pow staje przez utlenienie 
cysteiny do kwasu cysteinowego i późniejszą jego dekarboksylację. Na
tomiast badania wykonane w ostatnich latach przez Bergeret, Chatagner 
i Fromageot [3, 4] oraz Aw apara i Wingo [1, 2], wskazują na centralną 
rolę kwasu cysteinosulfinowego. Kwas ten ma ulegać dekarboksylacji do 
hypotauryny, a ta dalej utleniać się do tauryny.

Zdolność tworzenia tauryny przez tkanki można badać dwojako: albo 
metodami manometrycznymi śledzić procesy dekarboksylacji kwasu cy
steinowego i cysteinosulfinowego, lub też w inny sposób oznaczać ilo
ściowo przyrost tauryny. W naszych badaniach z trom bocytami stosowa
liśmy oba sposoby postępowania.

METODY I PRZEBIEG DOŚW IADCZEŃ

W yosabnianie p łytek

Zawiesinę płytek użytą w naszych doświadczeniach otrzym ywano 
z 40 ml świeżej krwi ludzi zdrowych. Krew była mieszana z 5%  wodnym 
roztworem  versenu [8] w stosunku 9 : 1 i wirowana dla otrzym ania osocza 
bogatego w płytki. Osocze zbierano cienką pipetką i przez dalsze w iro
wanie otrzym ywano osad płytkowy, który przemywano dw ukrotnie izo- 
tonicznym roztworem NaCl. W przebiegu doświadczeń płytki pozostawały 
zawieszone w roztworze soli fizjologicznej z dodatkiem (3 :1 )  buforu fo
sforanowego o pH 7,3. W dwóch eksperym entach zamiast roztworu NaCl 
użyto płynu Krebsa-Ringera fosforanowego. Zawiesina płytek o końcowej 
objętości około 1 ml zawierała zwykle 2—3 m iliony płytek w mm 1 liczo
nych metodą Reesa-Eckera [17]. Zanieczyszczenie leukocytam i i erytrocy
tami nie przekraczało w sumie 0,1% ogólnej ilości komórek. W części do
świadczeń aparatura szklana była powlekana silikonem; nie stwierdzono 
jednak różnic w otrzym ywaniu płytek ani w wynikach. P łytki otrzym ane 
w opisany sposób wykazywały przem ianę gazową przez okres ponad 
10 godzin gdy badano ich oddychanie w nurkach Kartezjusza.

M etody manom etryczne

Dekarboksylację kwasu cysteinowego i cysteinosulfinowego badano 
gazometrycznie jako ilość wytworzonego C 02, inkubując przez kilka go
dzin płytki z substratem  w nurkach Kartezjusza. Używano serii 6 nurków 
o stałych od 11— 13 ¿¿1. Objętość kropli dennej z zawiesiną płytkow ą i sub
stratem  wynosiła 1,2/d. Dla uzyskania w arunków beztlenowych nurki prze
dmuchiwano pod wodą przez 10 min. atm osferą azotu. Pozostałe szczegóły 
techniki nurków nie odbiegały od zasad podanych w podręczniku 
Glicka [9].
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Ilościowe oznaczanie tauryny

O z n a c z a n i e  z a w a r t o ś c i  t a u r y n y  w p ł y t k a c h .  Próbkę 
zawiesiny płytkowej o objętości 0,3 ml cytolizowano przez zamrożenie 
i szybkie ogrzanie oraz następną inkubację w ciągu 20 min. z kroplą to
luenu [11]. Cytolizat denaturowano przez zagotowanie z kwasem octowym 
i przepuszczano przez kolumnę Zeo-karbu 225 w postaci wodorowej. 
W tych w arunkach żywica zatrzym uje sole i aminokwasy, a tauryna 
i kwas cysteinowy przechodzą ilościowo do przesączu [15]. Przesącz za
gęszczano do sucha w próżni, a następnie rozpuszczano w 0,2 ml redesty- 
lowanej wody. Próbkę tego roztworu o objętości 15^1 nakładano brzeż- 
nie na krążek bibuły W hatm an nr 1 i rozprowadzano przez 15 godz. w ko
morze chromatograficznej w układzie: w oda-butanol-kw as octowy (5 :4 :1) 
lub w układzie fenol-woda (7:3) z oksyizochinoliną i w  parach amoniaku. 
Plam y na chrom atogramie wykrywano przez barwienie n inhydryną [10]. 
Ilościowe oznaczenie tauryny, a także kwasu cysternowego i cysteino- 
sulfinowego, przeprowadzano przez pom iar ekstynkcji alkoholowych 
eluatów  plam z bibuły używając spektrofotom etru fotoelektrycznego marki 
Coleman lub Hilger. Błąd m etody oznaczony na trzech równolegle bada
nych próbkach płytek z krwi jednego osobnika wyniósł ± 3 ,3°/o.

Badanie tworzenia tauryny przez p ły tk i

W tym  celu 0,3 ml zawiesiny płytek inkubowano z dodatkiem 0,02 m -  

roztw oru cysteiny albo kwasu cysternowego lub kwasu cysteinosulfino- 
wego w ciągu 15 godz. w powietrzu lub w atm osferze azotu w temp. 37°. 
Roztwory substratów  przyrządzano każdorazowo świeże przez rozpuszcze
nie substancji w buforze fosforanowym o pH 7,3. Używana w naszych do
świadczeniach cysteina pochodziła z firm y La Roche, kwas cysteinowy 
z firm y Light, a cysteinosulfinowy łaskawie użyczył prof. Blaschko z Ox- 
fordu. W kilku doświadczeniach czas inkuacji skrócono do 2 godzin. Po 
okresie inkubacji próbki były cytolizowane i oznaczano taurynę w sposób 
podany wyżej. W każdym  doświadczeniu ilość tauryny w płytkach inku- 
bowanych porównywano z zawartością tego składnika w płytkach bez 
inkubacji (ślepa).

M etody izotopowe

Zdolność tworzenia tauryny przez płytki staraliśm y się potwierdzić 
używając w dwóch doświadczeniach cysteiny znakowanej 35S (preparat 
otrzym any z Insty tu tu  Badań Jądrow ych w W arszawie) dodanej do 
0,02 M-roztworu cysteiny zwykłej w buforze fosforanowym o pH 7,3. 
Aktywność właściwa naszego preparatu  była niewielka i w ynosiła około
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1,0 X105 imp./mg/min. P ły tk i z dodatkiem  tego substratu były inkubowane 
przez 15 godzin, a ich cytolizat przygotowywano do oznaczeń chrom ato
graficznych w sposób opisany wyżej. Na chrom atogramie oznaczano roz
mieszczenie połączeń radioaktyw nej siarki umieszczając odpowiednie 
fragm enty bibuły pod okienkiem  licznika G. M. Jednocześnie sporządzano 
autoradiogram  przez dwutygodniową ekspozycję filmu rentgenowskiego 
na działanie promieniowania (3 wysyłanego przez radioaktyw ną siarkę zlo
kalizowaną w plamach chrom atogramu.

WYNIKI DOŚW IADCZEŃ

Wykonaliśmy 27 oznaczeń zawartości wolnej tauryny w płytkach krwi 
24 zdrowych ludzi, znajdując, że średni poziom tej substancji w prze
liczeniu na 1 płytkę wynosi 7,8 X 10~8 /ug, przy najniższej stwierdzonej 
wartości 5 ,0 X 10- 8 /yg i najwyższej l l X 10- 8 //g oraz standardow ym  od
chyleniu ± l,5X 10- 8 ^g. W przeliczeniu na wagę komórek daje to około
1,8 mg tauryny na 1 g mokrej masy płytek. Oznaczono również stosunek 
tauryny do azotu płytkowego; okazuje się, że azot tauryny stanowi w przy
bliżeniu l°/o azotu ogólnego oraz 15°/o azotu pozabiałkowego.

W 4 doświadczeniach badano przy pomocy nurków  K artezjusza dekar- 
boksylację kwasu cysternowego i cysteinosulfinowego przez płytki w atmo-

T a b l i c a  1

Z m ia n y  z a w a r to ś c i  t a u r y n y  iv  p ł y tk a c h  po  15 godz .  in k u b a c j i  z  k w a s e m  c y s te rn o w y m  

W arunk i dośw iad czeń  p o d a n e  w tek śc ie

Nr dośw.
Przyrost ( +  ) 

lub ubytek (— ) 
tauryny w %

Uwagi

1 +  20

2 +  10

3 0

4 -  10

5 0 Po 2 godz. inkubacji

6 +  10 Po 2 godz. inkubacji

7 +  20

8 — 15 Inkubacja w płynie Krebsa-Ringera-fosf.

9 +  20

10 —  10

11: +  10 Inkubacja w atmosferze N 2  +  CO2
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sferze powietrza i azotu. Nie stwierdzono wyraźnego w ytw arzania CO2 
przy inkubacji z żadnym z tych substratów . Zatem  za pomocą nurków  nie 
udało się wykazać w ytw arzania tauryny  przez płytki.

W 11 doświadczeniach oznaczano poziom tauryny  w  płytkach po inku
bacji z kwasem cysteinowym i w 6 przypadkach uzyskano przyrost tauryny 
o 5—20% w porównaniu ze ślepą. W pozostałych doświadczeniach ilość 
tauryny po inkubacji była równa lub naw et m niejsza niż w ślepej. (Tabl. 1). 
Natomiast w toku doświadczenia zaznaczał się prawie zawsze w yraźny 
spadek ilości dodanego kwasu cysteinowego.

Cysteinę jako substrat użyto w 12 eksperym entach i w 9 przypadkach 
uzyskano po inkubacji przyrost zawartości tauryny o około 20—40%. 
(Tabl. 2).

T a b l i c a  2

Z m ia n y  z a w a r to ś c i  ta u r y n y  w  p ł y tk a c h  po  15 godz .  in k u b a c j i  z  cys te in ą  

W arunki d ośw iad czeń  p od an e w  tek śc ie

!
Nr dośw.

Przyrost ( - f )  
lub ubytek (—) 

taurypy w %
Uwagi

1 +  20 Inkubacja w atmosferze N 2 +  CO2

2 +  10
3 +  30

4 0

5 +  33

6 +  15 Po 2 godz. inkubacji

7 0

8 +  40

9 0 Inkubacja w płynie Krebsa-Ringera-fosf.

10 +  35

11 +  20 Inkubacja w płynie Krebsa-Ringera-fosf.

12 +  40

Jeśli inkubowano równolegle dwie próbki płytek, jedną z kwasem cy
sternowym a drugą z cysteiną, znajdowano większy przyrost ilości tauryny 
w próbce z cysteiną. Przykład typowego doświadczenia przedstawiono 
w  tablicy 3.

W ytwarzanie tauryny przez płytki potwierdzono używając cysteiny 
znakowanej 35S; po inkubacji plama tauryny  w ykazywała promieniowanie 
rzędu 100 imp./min. Jest rzeczą ciekawą, że na chrom atogram ie znaleziono 
także inne, bliżej nieokreślone substancje radioaktyw ne, nie dające reakcji 
z n inhydryną i wędrujące szybciej niż tauryna w  układzie butanolowym.
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Dane uzyskane za pomocą licznika G. M. potwierdziła analiza autoradio- 
gramu. Wykazano na tej drodze oprócz prążka tauryny powstawanie przy
najm niej dwóch radioaktyw nych substancji w toku inkubacji z cysteiną 
znakowaną.

T a b l i c a  3

T w o rze n ie  ta u ry n y  p r z e z  p ł y t k i  w  d o św ia d c ze n iu  z  d n ia  11.X I .58 r.

Zawiesina Sposób przygotowania
Wyniki w p g  

na 54x106 płytek
płytek próbki tauryna kw.

cysteinowy

Ślepa
Płytki cytolizowane i dena
turowane +  kw. cystei- 
nowy i cysteina

4 3 68

Krew grupy O 
2 600 000 płytek/mm-1 

1 100 erytr./mm3 
700 leuk./mm3

Próbka I 
Płytki inkubowane z cy
steiną w ciągu 15 godz. 
w powietrzu

6.3 ślad

Próbka II 
Płytki inkubowane z kw. 
cysteinowym w ciągu 15 
godz. w powietrzu

5,0 60

T a b l i c a  4

T w o rze n ie  ta u ry n y  p r z e z  p ł y t k i  po  15 godz.  in k u b a c j i  z  k w a s e m  c ys te in o su lf in o m y m

Nr
dośw.

Ilość płytek 
w 0,3 ml 
zawiesiny

Zawartość 
tauryny 

w próbce ślepej
(/<g)

Zawartość 
tauryny 

w próbce inkub.
(/tg)

Przyrost 
tauryny w

(%)

1 72 X 107 50,4 74,9 50

2 81 X 10r 63,2 81,8 30

Wreszcie przeprowadzono dwa oznaczenia, używając jako substratu 
kwasu L-cysteinosulfinowego. Mała ilość doświadczeń z tym  substratem  
wynikła z faktu, że dysponowaliśmy ograniczoną ilością tego związku. 
W doświadczeniach tych uzyskano po inkubacji przyrost ilości tauryny 
o około 40% w stosunku do ślepej (Tabl. 4); cyfrę tę  trudno uznać za 
pewną z uwagi na zbyt małą ilość oznaczeń. Zestawienie użyteczności 
rozmaitych substratów  dla produkcji tauryny przedstaw ia rys. 1.

Przebadano również wpływ środowiska inkubacyjnego na tworzenie 
tauryny. Użycie płynu Krebsa-Ringera fosforanowego lub dodatek osocza,
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a także rodzaj atm osfery gazowej w toku inkubacji nie wpłynął w sposób 
widoczny na wynik doświadczeń.

Skrócenie okresu inkubacji do 2 godzin zastosowane w trzech doświad
czeniach dało mniejszy przyrost tauryny. Zatem wytwarzanie tauryny 
przez płytki wydaje się być procesem przebiegającym  stopniowo i powoli.

Na większości chrom atogramów cytolizatów płytek czystych prze
puszczonych przez kolumnę Zeo-karbu oprócz plamy tauryny zaobserwo
wano ślad kwasu cysternowego oraz 4 prążki substancji barwiących się

Rys. 1. Średn i przyrost tau ryn y  po 
ink ubacji: I —  z k w a sem  cysterno
w ym ; II —  z cystein ą; III —  z k w a 

sem  cy ste in o su lfin o w y m p rzed sta w io n y  sch em a ty czn ie

ninhydryną, których rozmieszczenie na chrom atogramie przypom ina nie
zidentyfikowane związki z autoradiogram u. Prążki te oznaczono na rys. 2 
jako X u X 2, X3 X s.

Ustalono R F tych substancji w układzie butanolowym  na: X j= 0 ,3 2 , 
X2 =  0,28, X3 t= 0 ,22  oraz X5 =  0,4 (R F tauryny =  0,16). Przechodzenie 
tych związków przez Zeo-karb przem awia za ich kwaśnym  charakterem , 
a  reakcja z n inhydryną za obecnością grup aminowych. Substancje X nie 
dają dodatniego odczynu Pauliego, charakterystycznego dla większości 
polipeptydów, ani nie wykazują fluorescencji lub absorpcji w świetle 
ultrafioletowym . Po potraktow aniu 5% roztworem H20 2 nałożonej próbki 
na chrom atogramie przed rozprowadzeniem w butanolu, substancje Xy 
i X2 ulegają przemieszczeniu i znajdują się w tedy jako jeden prążek po
niżej tauryny. W ykonane dodatkowo doświadczenie pozwala przypuszczać, 
że prążek X3 odpowiada zredukowanem u glutationowi. Najwyraźniejsze
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prążki substancji X otrzym ano przy inkubacji płytek z cysteiną w atm o
sferze powietrza, ale znaleźć można je było również na chrom atogram ach 
płytek nieinkubowanych. Choć nie udało się zidentyfikować wszystkich 
tych związków, zmienność ich w ystępowania wydaje się wskazywać na 
powiązanie ze stanem  funkcjonalnym  płytek.

DYSKUSJA

Stwierdzenie stałego poziomu wolnej tauryny w płytkach krw i ludz
kiej, jej wysoka zawartość w przeliczeniu na masę płytek i zawartość 
azotu oraz możliwości jej powstawania w  tych elem entach morf etycz
nych przem awiają za istotną rolą tego związku w  metabolizmie płytek. 
Jednakże za wcześnie jest wysuwać jakieś sugestie dotyczące związku 
tauryny z zasadniczą funkcją trom bocytów, to jest ich udziałem w m echa
nizmie hemostazy.

Doświadczenia dowiodły wyraźnie, że dla całych komórek płytkowych 
najlepszym substratem  dla w ytw arzania tauryny  jest kwas cysteinosulfi- 
nowy i cysteina a mniej przydatnym  kwas cysternowy. W skazuje to jedno
cześnie przypuszczalną drogę tworzenia tauryny: etapam i pośrednimi 
byłyby więc, zgodnie z poglądami innych autorów [1, 2, 3, 4], kwas cy- 
steinosulfinowy i hypotauryna.

Metodami m anom etrycznym i nie udało się nam wykazać produkcji 
tauryny, prawdopodobnie dlatego, że jest to proces powolny i zbyt mało 
wpływający na zmiany fazy gazowej nurka, aby stał się uchwytny. P rzyj
m ując średnią zdolność tworzenia tauryny  przez płytki na 30°/o pierwotnej 
zawartości, uzyskujem y około 2 X 1 0 ~2 /d C O 2 wyzwolonego przy dekarbo- 
ksylacji. W artość ta po uwzględnieniu stałych nurków  odpowiada około 
20 mm słupa płynu Brodiego w  m anom etrze. Pam iętając o powolnym 
procesie tworzenia tauryny, zmiana ta  może się pojawić po kilkunastu 
godzinach doświadczenia, gdy dyfuzja gazów i zmiany term obarom etryczne 
utrudniają wyciągnięcie wniosków.

Stwierdzenie w  toku inkubacji wyraźnego ubytku kwasu cysteinowego 
i cysteinosulfinowego, ubytku większego niżby to odpowiadało przyro
stowi tauryny, wskazuje na inne drogi przem iany tych związków w płyt
kach. W kilku doświadczeniach z kwasem  cysternowym zaobserwowano 
spadek ilości tauryny w  płytkach po inkubacji. Może to sugerować, że 
tauryna nie jest ostatecznym  produktem  przem iany związków siarko
wych. Fakty- te oraz dostrzeżone przez nas niezidentyfikow ane substancje X 
skłaniają do przypuszczenia, że p łytki dysponują wielotorowym  i bogato 
zróżnicowanym metabolizmem. Spraw a udziału związków siarkowych 
w tych przemianach oraz powiązanie w ytw arzania tauryny z funkcją 
płytek wymaga dalszych badań.
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Autorzy w yrażają serdeczne podziękowanie Prof. d r B. Skarżyńskiemu 
oraz Dr T. Szczepkowskiemu za cenne wskazówki i pomoc przy ukoń
czeniu pracy.

STRESZCZENIE

Badano zawartość i tworzenie tau ryny  w płytkach krwi ludzkiej. Usta
lono, że poziom wolnej tauryny w płytkach jest stały i wynosi średnio
7,8 X 1(U8 ¿¿g/płytkę. Tauryna może być w płytkach wytw arzana, przy 
czym substancją m acierzystą dla niej jest cysteina, a droga powstawania 
wiedzie prawdopodobnie przez kwas cysteinosulfinowy.
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M ETABO LISM  OF S U L P H U R  C O M PO U N D S IN  H U M A N  TH RO M BO CYTES.
T A U R IN E  FO R M A T IO N

S u m m a r y
The concentration and the form ation of taurine in hum an throm bocytes 

has been followed. It has been found tha t the level of free taurine in 
throm bocytes is ra ther stable and amounts 7.8X10~8 ¿/g per 1 throm bocyte 
on an average. It is possible tha t tau rine  m ay arise in throm bocytes and 
that cysteine is the  precursor while cysteinosulphinic acid is probably the 
interm ediary step in the process.

O trzym ano 19.2.1059 r.
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J. BRAHMS and CZESŁAWA RŻYSKO

PHOSPHORYLATION OF H-MEROMYOSIN IN THE COURSE 
OF ATP SPLITTING

Z a k ła d  B ioch em ii  I n s ty tu tu  B io log ii  D o ś w ia d c za ln e j  im .  N enck iego ,  W a rsza w a  
K ie r o w n ik :  prof,  d r  W. N ie m ie rk o

The presence of phosphorus compounds in myosin and actomyosin 
was established by Sm ith [2], Bailey [1], Buchtal et al. [7, 8], Lajtha [12], 
Mihalyi, Laki, Knoller [14]. Buchtal et al. [7, 8] found that one of the 
phosphorus fractions of myosin and actomyosin is a loosely bound ortho
phosphate; during incubation of myosin w ith ATP this orthophosphate 
fraction considerably increases.

In our previous investigation [4, 5] it was found that the am ount of 
protein-bound orthophosphate increases a t the  beginning of incubation 
of myosin w ith ATP and diminishes towards the end of the enzymic 
process. These facts suggested the possibility of the form ation of a phos- 
phorylated protein as an interm ediate. It seemed to be interesting to 
investigate the mechanism of ATP splitting by H-meromyosin which, 
being a fragm ent of the myosin- molecule, retains the ATP-ase activity. 
The purpose of the present investigation was to find out w hether a phos- 
phorylated H-meromyosin m ay also be formed. A prelim inary account 
of the work has already appeared [6],

M ETHODS

Actin free L-myosin three times precipitated was preparated from 
rabbit muscle according to P erry  [16]. The absence of actin was controlled 
by the viscosimetric test (absence of changes of viscosity after addition 
of ATP). H-meromyosin was prepared according to the m ethod of Szent- 
Gyorgyi [20] w ith a slight m odification. The procedure was as follows.

T he fo llo w in g  ab b rev ia tio n s w ill  be used  in  th is  paper: A T P  =  a d en osin etr ip h osp h ate. 
A D P  =  a d en osin ed ip h osp h ate, p =  in o rg a n ic  phosphate, D F P  =  d iisop rop y l flu oro-  
phosp hate , tris =  tr is (h y d ro x y m eth y l)a m in o m eth a n e, D N P = 2 ,4 -d in itro p h en o l, PCM B

=  p -ch lo ro m ercu rib en zo a te .

3 [287]
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Myosin was incubated w ith trypsin and the digestion was stopped by the 
addition of DFP. The solution obtained after trypsin digestion was dialyzed 
against 0.0067 m-tris buffer, pH 7.0 overnight in the cold. The H-m ero- 
myosin (crude product) was separated from  L-meromyosin by a short 
centrifugation and purified by ammonium sulfate fractionation. The so
lution was brought to 42°/o ammonium sulfate saturation; the slight pre
cipitate was removed by centrifugation. Ammonium sulfate was added to 
the solution to bring the saturation to 55%; the precipitate form ed was 
collected by centrifugation, redissolved in 0.0067 m  neutral tris buffer 
and dialyzed against the same buffer. The solution obtained contained 
the purified H-meromyosin.

ATP was from Light and Co. ltd. or from  Insty tu t Farm aceutyczny 
(Warszawa); both preparations contained about 50%—60% ATP; Glu
tathione was from Fluka.

H-meromyosin solution (about 15 mg. in 3 ml. final volume) was 
incubated w ith 0.1 M-KCl-glycine buffer, pH 9.0 and 0.002 m-ATP at 20°. 
The enzymic process was stopped by precipitating H-meromyosin by 
addition of (NH4)2S04 to 55% saturation and cooling to 0°. The preci
pitated H-meromyosin was separated by centrifugation at 17.000X g and 
washed twice w ith (NH4)2S04  55% saturation.

“Free” orthophosphate was estim ated in the supernatant directly, and 
the protein-bound orthophosphate was determ ined in the precipitated 
H-meromyosin after treatm ent w ith cold 10% trichloracetic acid. The 
inorganic phosphate was determ ined by the Berenblum  and Chain method 
as modified by M artin and Doty [13]. The ATP-ase activity was determined 
according to Perry  and expressed in QP units [16].

RESULTS

Fig. 1 shows that during enzymic splitting of ATP by H-meromyosin 
binding of orthophosphate to protein occurs. The am ount of ortho
phosphate bound to protein is high during the initial period of incubation 
w ith ATP but diminishes towards the end of the enzymic process.

The following results of our experim ents seem to indicate that the 
binding of orthophosphate by H-meromyosin is not a simple adsorption:

1. At the end of ATP splitting a decrease in the content of ortho
phosphate bound to protein could be observed although the solution con
tained at this moment the  highest concentration of orthophosphate.

2. H-meromyosin preparations w ith a very low ATP-ase activity did 
not bind the orthophosphate which was always present in a small quantity
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in the added ATP solution (Fig. 2). The same results were observed w ith 
H-m erom yosin after its inactivation by treatm ent w ith 0.0005 m  p-chloro- 
m ercuribenzoate (Fig. 4).

3. W hen ATP was substituted by ortophosphate in equim olar concen
tration the precipitated H-meromyosin contained only a very small amount 
of orthophosphate (Fig. 1) which did not change during incubation.

The question arises w hether the observed binding of orthophosphate 
to protein  is due only to H-m erom yosin or is a result of the presence of

Fig. 1. B in d in g  o f o r th op h osp h ate  to 
H -m erom yosin  during in cu b ation  w ith  
A T P  (o) or w ith  orthoph osp hate  (x) 
(A T P -ase  a c tiv ity : Q p =  2100). T he  
m ix tu re  consisted  of: 2.3 m l. o f pro
te in  so lu tion  (0.5 —  1%); 0.2 m l.
g lu ta th io n e  (3 m g/m l.); 0.1 m l. 
10—1 M -M gCb; 0.1 m l. o f O.Im -K CI- 
-g ly c in e  bu ffer  pH  9.0; 0.3 m l.
2 .1 0 —2m -A T P  or -orth oph osp hate. 
T he so lu tion s o f  protein , g lu th a tio n e  
and A T P  w e re  ad ju sted  to pH 9.0

F ig . 2. B in d in g  o f ortho
p h osp h ate  to H -m erom yosin  
p reparation s o f  d ifferen t  

a c tiv ity  
O  Q p  =  6320;

A Qp =  4000;

^  Qp  =  0

some o ther protein which may contam inate the H-meromyosin prepara
tions. Using different H-meromyosin preparations it was observed that 
the m axim um  amount of orthophosphate bound to protein depends upon, 
and is to a certain extent proportional to the  ATP-ase activ ity  of the pre
paration (Fig. 2 and 3).

In the presence of 0.005 M -glutathione an increase of th e  ATP-ase 
activity  was observed as well as an increase of the m axim um  amount of 
orthophosphate bound to  protein (Table 1). p-Chlorom ercuribenzoate 
(5 • 10~4 m) inhibited completely both the ATP-ase activity and the  binding 
of orthophosphate to H-meromyosin (Fig. 4). M agnesium ions 0.005 m , 
which decrease the rate  dephosphorylation of ATP [15, 3, 10], activated 
the binding of orthophosphate to H-m erom yosin (Fig. 4). Addition of 
2,4-dinitrophenol (5 • 10~3 m ) increased th e  dephosphorylation of ATP 
twofold. This is in agreem ent w ith the results of Greville and Needham

http://rcin.org.pl



29 0  J - BRAHM S and  CZESŁAWA RŻYSKO [4]

T a b l e  1

In f lu en ce  of g lu ta th ione  on A T P - a s e  a c t i v i t y  a n d  the b ind ing  of o r th o p h o sp h a te
to  H - m e r o m y o s in

ATP-ase activity 
(Q p  units)

Maximum amount of 
orthophosphate bound 
by protein (/«moles/g. 

o f  protein)
1
: Without GSH 3.000 2.8
1 With GSH 0.005 m 5.700 5.6

Without GSH 1.800 1.9
; With GSH 0.005 m 2.400 2.4

[11], and Perry  and Cheppel [17] obtained on myosin ATP-ase. At the 
sam e time DNP diminished the am ount of orthophosphate bound to 
H-meromyosin (Fig. 4).

F ig. 3. M axim u m  con ten t of 
orthoph osp hate  in  H -m erom yosin  
in  rela tio n  to its  en zy m ic  a c tiv ity

F ig. 4. E ffect o f  M g2+, D N P  
and PCM B upon am ou n t o f  
orthoph osp hate  bound to H - 
m erom yosin  du ring in cu b ation  

w ith  A T P  
▲ H -m erom yosin  +  A T P  
O H -m erom yosin  +  A T P  +  M g -1 
x  H -m erom yosin  +  A T P  +  D N P  
•  H -m erom yosin  +  A T P  +  PCM B

DISCUSSION

The results presented above seem to indicate that during the splitting 
of ATP by H-meromyosin the form ation of a phosphorylated protein 
occurs. The enzymic cleavage of ATP m ay be represented by the following 
scheme: E +  A T P  E -A T P

E - A T P i= ± E -P  +  A D P  
E - P — >E +  P
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This means that in the course of ATP splitting, after form ation of the 
enzym e-substrate complex (E • ATP), phosphorylation of protein takes 
place followed by dephosphorylation.

The experim ents perform ed show th a t the m axim um  amount of ortho
phosphate bound to H-meromyosin depends upon the ATP-ase activity  
of the different H-meromyosin preparations (Fig. 3). This may be in te r
preted as an indication tha t the rate  of ATP splitting is proportional to 
the num ber of sites in the  protein molecule to which orthophosphate is 
bound. Fu rther evidence of a correlation between the rate  of splitting 
of ATP and binding of orthophosphate was obtained when the binding 
of orthophosphate by H-m erom yosin was compared w ith  the changes in 
the rate  of ATP hydrolysis during the enzymic process (Fig. 5). S im ulta-

Fig. 5. B in d in g  of o r th op h osp h ate  to H -m erom ycsin  during in cu 
bation  w ith  A T P  (F igu re B) com p ared  w ith  th e  rate o f  A T P  

h y d ro lysis (F igu re  A)

C onditions: 0.005 M -M gCk, 0.001 m -A T P , 0.0005 M -glu tath ione, 0.1 
M -glycin e-K C l buffer, pH  9.0, + 2 0 °

T he en zy m ic  reaction  w a s  in terru p ted , by am m on iu m  su lfa te  
(Fig. B), and by  p rec ip ita tio n  of H -m erom yosin  w ith  10°/o TCA

neously w ith  the decrease in the rate of ATP hydrolysis a decrease in the 
content of protein-bound orthophosphate was also observed.

The opposite effect of MgCl2 on the phosphorylation of protein and on 
the ATP-ase activity seems to indicate th a t the process of phosphory
lation of the protein is stim ulated by Mg2+, whereas the process of déphos
phorylation is inhibited.

In contrast to the inhibitory effect of Mg2+ on the ATP-ase activity, 
DNP acts as a stim ulator of ATP splitting, but the am ount of phosphate 
bound to the protein in the la tte r case is diminished as compared with 
tha t in the form er. One can suppose therefore that DNP accelerates the 
dephosphorylation of the protein. Levy and Koshland [12a] investigated

time Imin>.) time (min.)

(Fig. A)

[5]
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ATP splitting by muscle proteins in the presence of H20 18 and Mg2+. 
Their experim ents gave some evidence of the existence of a phospho- 
rylated interm ediate. As has been shown the results of the present investi
gation, although obtained w ith an entirely  different method, lead to the 
same conclusion. Some recent experim ents of Cheesman and K eller [9] 
on the mechanical rigidities of films of myosin and actomyosin are also 
in good agreement w ith the hypothesis of the form ation of a phospho- 
rylated protein.

One can suppose that in the interaction betw een ATP and H -m ero- 
myosin at least two kinds of sites in the protein molecule may be involved. 
One of them  is occupied by ATP during the form ation of the enzym e- 
substrate complex, w hereas the other is occupied by orthophosphate de
rived from ATP.

It seems to be possible that in the process of phosphorylation the 
sulfhydryl groups of the protein molecule are involved. This view is 
supported by the results of our experim ents in which glutathione activated 
both the phosphorylation process and the ATP-ase activity, w hereas 
p-chloromercuribenzoate inhibited them . In our previous work on 
L-myosin we observed sim ultaneously w ith the binding of phosphate to 
protein a decrease of the quantity  of myosin-SH groups followed by a sub
sequent liberation of -SH groups [5]. Sim ilar results were obtained by 
Poglazov et. al. [18]. Snellman [19] isolated peptides containing sulfhydryl 
groups from  a myosin hydrolysate and suggested that the sulfhydryl 
groups may from the active center of ATP-ase.

SUMMARY

During ATP splitting by H-meromyosin form ation of a phosphorylated 
H-meromyosin, as a possible interm ediate, was observed.

Magnesium ions (5-10~'3m) depress the enzymic splitting of ATP but 
activate the phosphorylation of H-meromyosin. DNP (5-10~3m) has an 
opposite effect: the enzymic activity of H-meromyosin is increased while 
phosphorylation is decreased. G lutathione activates both ATP splitting 
and protein phosphorylation, whereas PCMB (5-10~4 m) inhibits these 
processes.

The authors wish to thank Professor W. Niemierko for his interest 
and criticism.
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FO SFO R Y L A C JA  H -M E R O M IO Z Y N U  P O D C Z A S R O Z K Ł A D U  A T P

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

Podczas rozkładu ATP przez H-meromiozyn obserwowano tworzenie 
się ufosforylowanego białka jako możliwego pośredniego produktu reakcji 
enzymatycznej. Jony magnezu (5-10_3 m) ham ują enzym atyczny rozpad 
ATP, lecz aktyw ują sam proces fosforylacji białka. DNP (5-10~3m) w y
w ołuje odwrotny efekt: podwyższa enzym atyczną aktywność H-meromio- 
zynu, natom iast obniża stopień ufosforylowania białka.

G lutation aktyw uje zarówno rozpad ATP, jak  i fosforylację H-mero- 
miozynu, podczas gdy p-chlorortęciobenzoesan (5-10-4  m ) jest inhibitorem  
obu tych procesów.

O trzym ano 23.4.195® r.
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AMINOACYDURIA WYWOŁANA KWASEM MALEINOWYM

II. W PŁ Y W  DIETY*

P ra c o w n ia  B io ch em ii  P a to lo g ic zn e j  Inst.  B io ch em ii  i B io f i z y k i  P A N  
i Z a k ła d  C h e m ii  F iz jo lo g ic zn e j  A M  w  G d a ń sk u  

K ie r o w n ik :  prof.  d r  W ł.  M o z o ło w s k i

Przem iana kwasu maleinowego i jego działanie w ustro ju  zwierzęcym 
są mało dotychczas poznane. Doświadczenia przeprowadzone in vivo  
zdają się wskazywać, że w  w yniku zatrucia kwasem m aleinowym isto t
nym  zaburzeniom ulega praca nerki [2]. Harrison i Ha-rrison [7] w  ba
daniach na szczurach krzywiczych stw ierdzili am inoacydurię jako jeden 
z objawów zatrucia kwasem maleinowym. W poprzednich naszych bada
niach [1] używaliśmy do doświadczeń szczury zdrowe, żywione pokar
mem, który pod względem jakościowym i kalorycznym  zaspokajał po
trzeby dorosłych szczurów; uważaliśmy ten pokarm  za dietę „fizjologiczną“, 
która bez szkody dla zdrowia zwierzęcia zastępowała dietę naturalną. Na 
tej podstawie wynik zatrucia kwasem maleinowym traktow aliśm y jako 
wyraz działania kwasu maleinowego na zdrowe, prawidłowo odżywiane 
szczury.

Przez podanie kwasu maleinowego, w dawce 400 mg na 1 kg wagi ciała, 
dootrzewnowo wywołaliśmy aminoacydurię znacznego stopnia. Dobowa 
ilość wydalonego w moczu azotu a -aminowego osiągnęła, w drugim  dniu 
po wstrzyknięciu, wartości 10-krotnie wyższe, w porównaniu ze stanem  
przed zatruciem. Dominującą cechą moczu zatrutych szczurów była 
aminoacyduria. Uzyskane wyniki stw arzały podstawę do tego, żeby w  dal
szych badaniach traktow ać aminoacydurię jako istotny wskaźnik, m iernik 
działania kwasu maleinowego na ustrój szczura.

Ponieważ doświadczenia m iały być wykonywane na większej liczbie 
zwierząt, a niektóre składniki mieszanki w itam inów były drogie lub 
trudno dostępne (inozytol), próbowaliśmy zastąpić m ieszankę witam inów

* C zęść I u k azała  się  w  A c ta  B io ch im ica  P olon ica  5, 431, 1958.

[295]
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przez suszone drożdże piekarskie. Uzyskane wyniki skłoniły nas do w y
konania dodatkowych doświadczeń, w których odtłuszczone suszone 
mleko zastąpiliśmy innymi składnikami. W yniki przedstawione w tej 
pracy obrazują wpływ diety na aminoacydurię wywołaną przez paren- 
teralne podanie szczurom kwasu maleinowego.

METODY

Do poszczególnych grup doświadczeń używano szczury jednej płci, 
o zbliżonej wadze. Szczury pochodziły częściowo z PZH w W arszawie, 
częściowo z I Kliniki Położn. AM w Gdańsku, w  większości z własnej 
hodowli. Zwierzęta trzym ano pojedynczo, w klatkach metabolicznych, po
zwalających na ilościowe zbieranie moczu bez domieszek kału i pokarmu. 
Pożywienie oraz woda były udostępnione zwierzętom do woli. Zobojęt
niony kwas maleinowy firm y Schuchardt podawano w  jednej porcji, jako 
jednomolowy roztwór wodny. Mocz do czasu analizy (zwyczajnie w tym  
samym  lub następnym  dniu) przechowywano z dodatkiem tym olu w lo
dówce, Gdy mocz zatrutych szczurów dawał dodatni odczyn z kwasem 
sulfosalicylowym białko usuwano alkoholem etylowym. Azot a-am inowy 
oznaczano w moczu metodą Yemma i Cockinga [14].

Mocz uwalniano od amoniaku w następujący sposób: Do kolbki na 
25 ml odmierzano 0,5 ml wody, 0,25 ml lub 0,1 ml moczu i 0,5 ml 1 N-NaOH. 
Kolbki umieszczano w eksykatorze próżniowym nad stężonym H2SO4 na 
przeciąg około 60 min. Po zobojętnieniu i dopełnieniu kolbek wodą wolną 
od amoniaku, odmierzano do probówek po 1 ml badanego roztworu, 0,5 ml 
buforu cytrynianowego o pH 5,0, 0,2 ml 5% roztworu ninhydryny w me- 
tyloglikolu oraz 1 ml roztworu 0,5 ium-KCN w  metyloglikolu. Probówki 
umieszczano we wrzącej łaźni wodnej na przeciąg 15 min. Po oziębieniu 
(przez 5 min.) dodawano po 10 ml 60°/o etanolu i kolorym etrowano przy 
długości fali 570 my. Do prób kontrolnych oraz do sporządzania odczyn
ników używano wodę wolną od am oniaku (każdorazowo w ytrząsaną przez 
20 min. z perm utytem). Krzywe standardowe wykreślono dla standardu 
glicyny.

ODŻYW IANIE SZCZURÓW

Używane w doświadczeniach diety zawierały następujące składniki: 
odtłuszczone suszone mleko (Farm ers Co-op. Dairy Mass. USA), kazeina 
podpuszczkowa cz. (Spółdzielnia Chemiczna „Pokój“ w  Krakowie), skrobia 
pszenna (apteczna), sacharoza (handlowa), laktoza (przepakowana w  „Ce- 
farm “ w Katowicach), olej rzepakowy (handlowy, jadalny), mieszanka 
soli, sporządzona według Wessona [13].
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Na 1000 g diety  dodawano 1336 mg mieszanki w itam inów o następu
jącym  składzie: 5,0 mg tiam iny, 9,6 m g ryboflawiny, 60,0 mg ndacyny,
4,8 mg pirydoksyny, 30,0 mg pantotenianu wapnia, 100,0 mg kwasu para- 
aminobenzoesowego, 1,2 mg kwasu folowego, 0,4 mg biotyny, 120,0 mg 
inozytolu, 1000 mg choliny HC1, 5 mg m enadionu (w roztworze). Oprócz 
tego dodawano 150 mg w itam inu E, 25.000 j.m . w itam inu A i 2,500 j. m. 
w itam inu D.

T a b l i c a  1 
Sk ład  u ży w a n y ch  d iet

Dieta

Składniki
mleczna laktozowa

witaminowa
bezlaktozowa
witaminowawitaminowa drożdżowa 

4- wit. E
drożdżowa 
bez wit. E

I II III IV V

Odtłuszczone 
suszone mleko 480 g 480 g 480 g
Kazein — — — 170 g 170 g
Skrobia pszenna 270 g 270 g 270 g 270 g 480 g
Sacharoza 130 g 130 g 130 g 130 g 230 g
Laktoza — — 310 g —

Olej rzepakowy 88 g 88 g bf)
00oo 88 g 88 g

Mieszanka soli 32 g 32 g 32 g 32 g 32 g

Razem 1000 g 1000 g 1000 g 1000 g 1000 g

Mieszanka
witaminowa 1336 mg 1336 mg 1336 mg
Witamin A 25 000 j.m 25 000 j.m 25 000 j.m 25 000 j.m 25 000 j.m
Witamin D 2 500 j.m 2 500 j.m 2 500 j.m 2 500 j.m 2 500 j.m
Witamin E 150 mg 150 mg — 150 mg 150 mg
Suszone drożdże 
piekarskie — 50 g 50 g —

Skład używanych diet podaje tablica I. Skład stosowanych diet opierał 
się na diecie I Chorążego [4], nazywanej w  tej pracy dietą mleczną w ita
minową. Dieta ta zawiera dostateczne ilości białka, węglowodanów i tłusz
czów, w  odpowiednim wzajem nym  stosunku (w dietach dla szczurów, 
stosowanych przez różnych badaczy, stosunek ten jest podobny i wynosi 
2:7:1) [8 , 11, 12]. Dobór jakościowy i ilościowy mieszanki soli oraz mie
szanki w itam inów  w pełni pokrywa zapotrzebowanie dorosłych szczurów. 
Specjalną cechą tej diety jest duża zawartość laktozy (30% pokarmu 
i przeszło 3/7 zaw artych w nim  węglowodanów).

W części doświadczeń mieszanka witam inów została zastąpiona przez 
suszone drożdże piekarskie (50 g na 1 kg diety). Dodawano wówczas tylko 
w itam iny A, D i E. W części doświadczeń nie dodawano w itam inu E.
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W jednym  doświadczeniu odtłuszczone suszone mleko zastąpiono przez 
mieszaninę kazeinu i laktozy (przybliżony skład mleka w  proszku przy
jęto wg Chorążego [4]). W 1 kg diety, jako równoważnik 480 g m leka było 
170 g kazeinu i 310 g laktozy.

W części doświadczeń odtłuszczone mleko zastąpiono przez mieszaninę 
kazeinu, skrobi i sacharozy, elim inując laktozę. W 1 kg diety jako równo
ważnik 480 g mleka było 170 g kazeinu, 210 g skrobi i 100 g sacharozy.

Zastąpienie mleka w proszku przez mieszaninę ściśle określonych sub
stancji chemicznych pozwala eliminować wpływ wszystkich dodatkowych 
nieznanych lub bliżej nieokreślonych składników, jakie znajdują się 
w mleku sproszkowanym.

WYNIKI

Dootrzewnowe podanie m aleinianu w dawce 400 mg na 1 kg wagi, 
szczurom karm ionym  dietą mleczną zawierającą kom plet w itam inów, po
woduje aminoacydurię znacznego stopnia (Tabl. 2). Maksimum w ydalania 
azotu a-aminowego przypada zwykle na 2—3 dzień po zatruciu. W artości 
wydalanego na dobę azotu a-aminowego w zrastają 5 do 10 razy w porów
naniu ze stanem  przed zatruciem. Po tygodniu ilości wydalanego azotu 
a-aminowego zbliżają się do wartości normalnych.

T a b l i c a  2

W p ł y w  d i e t y  m le c zn e j  w i ta m i n o w e j  (I) na a m in o a c y d u r ię  w y w o ła n ą  p r z e z  d o 
o t r z e w n o w e  p o d a n ie  k w a s u  m a le in o w e g o  

Czas sto sow an ia  d iety  do w strzyk n ięcia  kw asu  m alein ow ego: 14 d n i. D aw ka kw asu  m a le in o 
w ego: 400 m g  n a  1 kg w agi, dootrzew now o. S zczu ry: sam ice, w agi 21&—225 g.

Szczur
nr

Azot-a-aminowy, mg w dobowym moczu

dni przed zatruciem dni po zatruciu

- 4 — 3 _ 2 - i +  1 + 2 +  3 4-4 4-5 4-6 4-7

1 5,7 4,4 4,0 4,5 9,3 12,1 27,5 12,2 6,3 8,4 8,6
2 2,0 3,3 2,8 2,8 9,0 15,3 23,0 6,5 2,6 6,0 9,4
3 1,6 4,2 2,2 2,4 5,0 5,4 11,5 8,7 6,0 10,8 9,9
4 3,5 3,1 3,0 3,0 7,7 6,6 21,5 11,7 9,5 6,0 5,9

= 3,2 3,0 4,4 3,4 6,6 15,0 19,0 8,6 8,2 7,6 7,5

W wyniku podania dootrzewnowego przynajm niej część kwasu m alei
nowego zostaje skierowana wprost do wątroby. Można przypuszczać, że 
ulega on w  wątrobie przemianom powodującym osłabienie, lub zniesienie 
jego toksycznych własności. Podanie podskórne zapewnia przedostanie się 
kwasu maleinowego wprost do ogólnego krążenia. Okazało się bowiem, 
że podanie podskórne m aleinianu w  dawce obniżonej do 300 mg na 1 kg
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T a b l i c a  3

W p ł y w  d i e t y  m le c z n e j  w i ta m i n o w e j  (I) na a m in o a c y d u r ię  w y w o ła n ą  p r z e z  pod sk ó rn e
p o d a n ie  k w a s u  m a le in o w e g o  

C zas sto so w a n ia  d ie ty  do w strzyk n ięcia  kw asu  m ale in ow ego: 5 dn i. D aw ka kw asu m alein ow ego: 
300 m g n a  1 kg w agi, pod skórn ie. Szczu ry: sam ce, w agi 265—315 g

1 Azot- a-aminowy, mg w dobowym moczu

Szczur
nr

dni przed 
zatruciem dni po zatruciu

—  2 —  1 +  1 +  2 +  3 +  4 +  5 +  6

6 1,8 1,5 11,0 20,4 15,6 10,3 6,6 2,2
7 1,4 1,6 2,5 3,2 14,4 5,5 3,0 1,6
8 2,5 0,8 10,3 6,4 16,8 15,7 3,1 2,3
9 1,5 1,3 4,4 7,2 11,9 22,6 5,7 1,2

wagi powoduje aminoacydurię tego samego rzędu co dootrzewnowe 
w strzyknięcie 400 mg na 1 kg wagi (Tabl. 3).

Jeżeli szczury są karm ione dietą bezlaktozową zawierającą komplet 
witam inów wówczas dootrzewnowe podanie m aleinianu w  dawce 400 mg 
na 1 kg wagi nie powoduje am inoacydurii (Tabl. 4). W artości azotu a-am i-

T a b l i c a  4

W p ł y w  la k to z y  w  d iec ie  na za w a r to ś ć  a z o tu - a - a m in o w e g o  w  m o czu  s z c z u ró w  po z a 
tru c iu  k w a s e m  m a le in o w y m  

C zas sto so w a n ia  d iety  do p ierw szego w strzyk n ięcia  kw asu  m ale in ow ego  8 dn i; do drugiego  
w strzyk n ięcia  7 dn i, tj . w 2 ty g o d n ie  p óźn iej od pierw szego za tru cia . Szczu ry: sam ce, wagi

270— 290 g.

  Azot-a-aminowy, mg w dobowym moczu

Dieta bezlaktozowa witaminowa (V) Dieta mleczna witaminowa (I)
Dawka kwasu maleinowego 400 mg Dawka kwasu maleinowego 300 mg

a
Ul3N

na 1 kg wagi, dootrzewnowo na 1 kg wagi, podskórnie
dni przed 
zatruciem dni po zatruciu dni przed 

zatruciem dni po zatruciu

NC/3 — 1 +  1 + 2 +  3 + 4 +  5 +  6 — 1 +  1 +  2 +  3 + 4 +  5 +  6

10 2,5 3,5 1,7 3,1 3,8 8,7 8,3 5,5 8,0 11,0 9,6 10,0 6,9 27,5
u 5,0 3,5 1,1 2,4 3,1 4,0 6,3 3,2 6,5 14,4 12,5 13,5 15,0 9,0
12 4,4 3,4 1,7 2,6 3,3 5,5 6,8 1,8 7,0 2,1 4,5 3,5 9,2 6,2
13 7,5 4 4 2,2 7,7 5,4 6,3 1,4 1,5 8,0 9 4 10,4 13,0 14,3 24,2
14 5,7 5,8 1,7 1,1 12,0 9,4 5,4 3,4 6,7 3,2 7,7 14,0 19,0 13,4

nowego wydalanego w ciągu 6 dni po zatruciu są rzędu wartości wyda
lanych przed zatruciem. W 7 dniu doświadczenia zmieniono u tych sa
mych szczurów dietę bezlaktozową na dietę mleczną witam inową i po 
tygodniu (2 tygodnie od poprzedniego zatrucia) podano szczurom maleinian 
w  dawce 300 mg na 1 kg wagi podskórnie. W ystąpiła wyraźna amino- 
acyduria (u niektórych szczurów opóźniona).
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T a b l i c a  5

W p ł y w  d i e t y  l a k to z o w e j  w i ta m i n o w e j  (IV) na  a m in o a c y d u r ię  w y w o ła n ą  k w a s e m
m a le i n o w y m

Czas sto sow an ia  d iety  do w strzy k n ięc ia  kw asu  m ale in ow ego: 9 d n i. D aw ka kw asu m a le in o w e g o . 
400 m g n a  1 kg w agi dootrzew now o. S zczu ry: sam ce, w agi 120— 180 g.

Azot-a-aminowy, mg w moczu dobowym

Szczur nr dni przed 
zatruciem dni po zatruciu

— 1 +  1 +  2 +  3 + 4 +  5

37 4,0 31,6 15,0 28,0 25,0 8,6
38 8,1 25,4 22,0 57,0 17,3 7,0
39 6,0 14,8 15,0 48,0 30,5 15,9
40 7,0 18,4 20,0 16,0 28,5 15,5

Okazało się, że wywołanie aminoacydurii kwasem m aleinowym uza
leżnione jest od diety. Daje się wywołać aminoacydurię u szczurów kar
mionych dietą mleczną (zawierającą laktozę), natom iast nie udaje się to 
u szczurów karm ionych dietą bezlaktozową. Potwierdzeniem  tego, że w y
wołanie aminoacydurii parenteralnym  podaniem  kwasu maleinowego w y
maga poprzedniej diety zawierającej znaczne ilości laktozy, jest w ynik 
doświadczenia podanego w tablicy 5.

T a b l i c a  6

W p ł y w  d i e t y  m le c zn e j  d r o ż d ż o w e j  bez  w i ta m i n u  E (III) na a m in o a c y d u r ię  w y w o 
łaną  k w a s e m  m a le i n o w y m  w  d a w c e  400 m g  na 1 kg  w a g i  

Czas sto sow an ia  d iety  do w strzyk n ięcia  d ootrzew now o kw asu  m ale in ow ego: 14 d n i. Szczu ry:
sam ice, w agi 215— 235 g.

Szczur
nr

Azot-a-aminowy, mg w dobowym moczu

dni przed zatruciem dni po zatruciu

—4 — 3 —2 — 1 +  1 +  2 + 3 + 4 +  5 +  6 + 7

15 2,9 2.4 2,6 2,2 5,8 4,2 7,8 5,9 7,0 9,0*
16 6,7 3,9 4,0 3,0 5,9 1,8 3,7 3,6*
17 3,4 3,2 2,9 4,0 4,8 4,7 8.4 8,1 9,6 17,7 *
18 3,3 3,0 3,0 3,1 7,1 1,7 3,2 5,0 10,7 3,1
19 4,2 3,4 3,8 3,3 3,1 2,2 3,2 3,6 9,4 6,9 11,4
20 4,2 5,9 3,8 2,5 7,2 17,6 21,5 19,3 7,4 5,7 7,0

* W d n iu  ozn aczon ym  * szczur padł.

Zastąpienie mieszanki witam inów przez suszone drożdże piekarskie 
wywiera szczególny wpływ na aminoacydurię. Jeżeli szczury karm ić dietą 
mleczną (zawierającą laktozę), w której m ieszankę w itam inów zastąpiono 
całkowicie drożdżami (z w yjątkiem  witam inów A i D dodawanych osobno), 
wówczas stwierdza się, że 400 mg m aleinianu na 1 kg wagi, dawka dobrze
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T a b l i c a  7

W p ł y w  d i e t y  m le c z n e j  d r o ż d ż o w e j  bez  w i ta m i n u  E (III) na a m in o a c y d u r ię  w y w o 
łaną  k w a s e m  m a le i n o w y m  w  d a w c e  250 m g  na 1 kg  w a g i  

Czas s to so w a n ia  d ie ty  do w strzyk n ięcia  d ootrzew now o kw asu m ale in ow ego: 10 dn i. Szczury
sam ce, w agi 145— 245 g.

Szczur
nr

Azot-a-aminowy, mg w dobowym moczu

dni przed zatruciem dni po zatruciu

— 3 — 2 — 1 +  1 + 2 +  3

21 8,6 5,9 5,7 46,0 59,0 36,0
22 3,9 2,8 3,2 33,4 47,0 29,0 |
23 6,9 4,0 2,0 33,6 64,5 26,0
24 4,8 3,4 4,5 86,0 80,0 52,0
25 — 2,4 2,2 39,0 28,0 28,0
26 4,0 — 2,8 50,0 36,5 13,5

znoszona przez szczury karm ione dietą zawierającą kom plet witaminów, 
działa bardzo silnie toksycznie. Zachowanie się szczurów wskazywało na 
znaczny stopień zatrucia. Z sześciu szczurów użytych do doświadczenia 
trzy padły, jeden zareagował, wykazując znaczną aminoacydurię, u dwóch 
pozostałych wystąpiła nikła, opóźniona reakcja (blisko 3-krotny wzrost 
wartości wydalanego azotu a-aminowego). W ynik tego doświadczenia po-

T a b l i c a  8

W p ł y w  d i e t y  m le c z n e j  d r o ż d ż o w e j  z  d o d a tk ie m  w i ta m in u  E (II) na a m in o a cy d u r ię  
w y w o ła n ą  k w a s e m  m a le i n o w y m  w  d a w c e  400 m g  na 1 kg  w a g i  

Czas sto so w a n ia  d iety  do w strzyk n ięcia  dootrzew now o kw asu m ale in ow ego: 28 dn i. S zczu ry:
sam ce, w agi 220—230 g.

Szczur
nr

Azot-a-aminowy, mg w dobowym moczu

dni przed zatruciem dni po zatruciu

— 3 — 2 — 1 +  1 +  2 +  3 + 4 +  5 + 6

27
28 
28 
30

7.8 
8,6
5.9 

10,5

5,8
6.7
4.7 
7,5

6,1
6,6
6,7
6,2

2,5
7,7
9,4

18,5

5,0
2,7

26,5
47,0

1,8
9,1

25.0
28.0

*

4,4
19.0
15.0

13,9
19.0
10.0

12,9
14,6
10,8

* S zczu r  padł.

danego w  tablicy 6 zdaje się wskazywać, że zastąpienie mieszanki w ita
minów całkowicie przez drożdże piekarskie w jakiś sposób uwrażliwia 
ustrój szczura na toksyczne działanie kwasu maleinowego, wyrażające się 
znaczną śmiertelnością. Potwierdzeniem  tego może być fakt, że przy uży
ciu tej diety, można przez podanie m aleinianu w dawce prawie o połowę
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T a b l i c a  9

W p ł y w  d i e t y  m le c zn e j  d r o ż d ż o w e j  z  d o d a tk ie m  w i ta m in u  E (II) na a m in o a cy d u r ią  
w y w o ła n ą  k w a s e m  m a le i n o w y m  w  d a w c e  250 m g  na 1 kg  w a g i  

C zas sto sow an ia  d iety  do w strzyk n ięcia  dootrzew now o k w asu  m alein ow ego: 20 d n i. Szczu ry:
sam ce, w agi 280—345 g.

Szczur
nr

Azot-a-aminowy, mg w dobowym moczu

dni przed zatruciem dni po zatruciu

—2 - 1 +  1 + 2 +  3 + 4

31 2.0 5,0 10,6 8,6 6,2 8.7
32 2,0 4,0 2,7 0,6 3,0 2,4
33 2,6 2,2 15,6 5,8 4,5 3,2
34 1,2 4,0 9,8 3,9 2,3 2,8
35 1,5 7,0 11,3 5,5 6,3 4,3
36 1,6 3,2 6,7 2,2 5,2 1,3

mniejszej (250 mg na 1 kg wagi) wywołać znaczną am inoacydurię 
(Tabl. 7).

M aksymalne wartości wydalanego azotu a-aminowego (w pierwszych 
dniach po zatruciu) były 10— 15 razy wyższe w  porównaniu ze stanem 
przed zatruciem. W szystkie szczury użyte do doświadczenia przeżyły nie 
wykazując oznak silnego zatrucia. Większa wrażliwość szczurów na za
trucie kwasem maleinowym po zastąpieniu w diecie mieszanki witam inów 
przez drożdże piekarskie może mieć przyczynę w  jakim ś działaniu uczula
jącym  przez substancje zawarte w  drożdżach, lub w  tym, że drożdże nie 
zawierają dostatecznych ilości potrzebnych witaminów. Jeżeli do diety 
mlecznej, zawierającej drożdże zamiast mieszanki witam inów, dodano 
w itam in E, wówczas szczury lepiej znosiły dawkę 400 mg kwasu maleino
wego na 1 kg wagi, mimo pewnych oznak silnego zatrucia (Tabl. 8). Z 4 
szczurów użytych do doświadczenia padł jeden, dwa zareagowały w yraź
nie, wykazując w 2 dniu po zatruciu 5-krotny wzrost w ydalania azotu 
a -aminowego, czwarty wykazał nikłą opóźnioną reakcję. P rzy użyciu tej 
diety dawka 250 mg kwasu maleinowego na 1 kg wagi okazała się niew y
starczająca do wywołania am inoacydurii (Tabl. 9), w  pierwszym dniu w y
stąpił niewielki wzrost w ydalania azotu a-aminowego.

DYSKUSJA

Szkodliwy wpływ laktozy na szczury jest znany od dawna; dane pi
śmiennictwa do 1944 r. zbierają Ershoff i Deuel [5]; ich doświadczenia 
stw ierdzają szczególną wrażliwość młodych szczurów, które na diecie za
w ierającej 73°/o laktozy zdychają po około 5 dniach. Handler badał na 
szczurach wpływ diet o różnej zawartości laktozy [6] i stw ierdził jej
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szkodliwość, gdy stanowi więcej niż połowę wagi diety; mocz takich za
tru ty ch  szczurów cechuje (prócz znacznej zawartości galaktozy) zwięk
szenie objętości, podwyższenie zawartości wapnia i amoniaku przy pod
wyższonej kwasowości aktualnej i potencjalnej. Careddu i Cabassa [3] 
podają, że szczury na diecie zawierającej galaktozę w  ilości około 25% 
w ykazują po 15 dniach do 2 miesięcy aminoacydurię znacznego stopnia. 
Z tym i wynikam i nie zgadzają się doświadczenia Hum ana, M iddletona 
i Geigera [10], którzy nie stw ierdzają am inoacydurii u szczurów trzym a
nych na diecie zawierającej 52 lub 73% galaktozy. Natomiast galakto- 
zemii u ludzi towarzyszy, jak wiadomo, am inoacyduria znacznego stopnia 
(dane piśm iennictwa [9]).

Dla in terpretacji naszych doświadczeń zdają się mieć znaczenie w y
niki pracy Harrisonów [7], którym  udało się przez podanie kwasu maleino
wego wywołać u szczurów krzywiczych zespół objawów zbliżony do ze
społu Fanconiego u ludzi.

W naszych doświadczeniach wykazano, że szczury trzym ane przez ty 
dzień lub dłużej na diecie zawierającej około 30% laktozy nie w ykazują 
aminoacydurii, ale po parenteralnym  podaniu kwatsu maleinowego wyda
lają  znaczne ilości aminokwasów w  moczu. Natomiast szczury, w  których 
diecie zastąpiono laktozę przez sacharozę nie wykazują tych objawów. 
Ten fakt, ilustrow any bardzo wyraźnie przez porównanie ze sobą ta
blic 4 i 5 uważamy za najważniejszy w ynik naszych doświadczeń.

Dieta zawierająca laktozę okazała się dogodna w badaniu w pływu 
działania kwasu maleinowego na ustrój szczura. Czynnikiem wywołującym 
am inoacydurię jest kwas maleinowy, natom iast laktoza zdaje się pełnić 
rolę czynnika warunkującego wystąpienie am inoacydurii po zatruciu kwa
sem maleinowym. Jednotygodniowy okres odżywiania pokarmem zawie
rającym  laktozę dostatecznie przygotowuje szczury na działanie kwasu 
maleinowego, wywołujące aminoacydurię.

Stw ierdziliśm y też, że istotny w pływ  na działanie kwasu maleinowego 
na szczury m a dieta, w  której mieszaninę w itam inów zastąpiono przez 
drożdże. Suszone drożdże piekarskie, jako zastępcze źródło witaminów, 
uw rażliw iają ustrój szczura na działanie kwasu maleinowego. W yraża się 
to śmiertelnością przy dawce dobrze znoszonej na diecie witam inowej 
i znaczną aminoacydurią przy dawce praw ie o połowę m niejszej. Takie 
działanie drożdży można starać się wytłum aczyć dodatkowym wpływem  
uczulającym  na ustrój szczura, lub inaczej, że drożdże jako zastępcze 
źródło w itam inów nie zaw ierają dostatecznych ilości potrzebnych w ita
minów. Przem awia za tym  fakt, że dodanie obok drożdży w itam inu E 
zmniejsza wyraźnie ich działanie uwrażliwiające. Dawka 250 mg na 1 kg 
wagi jest wówczas niew ystarczająca do wywołania am inoacydurii; 
zmniejsza się też śmiertelność przy dawce 400 mg na  1 kg wagi.

303
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STRESZCZENIE

1. Jednorazowe parenteralne podanie szczurom kwasu maleinowego 
w dawkach 300—400 mg na 1 kg wagi wywołuje aminoacydurię znacz
nego stopnia u szczurów odżywianych pokarmem zawierającym  laktozę.

2. W stosowanych dietach laktoza (w postaci czystej, lub jako skład
nik mleka sproszkowanego) stanowiła 30% pokarmu.

3. U szczurów odżywianych dietą, z której wyelim inowano laktozę, za
stępując ją mieszaniną sacharozy i skrobi, te same dawki kwasu maleino
wego nie wywołują aminoacydurii.

4. Jednotygodniowy okres odżywiania pokarmem zawierającym  laktozę 
wystarczająco przygotowuje szczury na działanie kwasu maleinowego w y
wołujące aminoacydurię.

5. Zastąpienie w  diecie zawierającej laktozę mieszanki w itam inów  przez 
suszone drożdże piekarskie powoduje znaczną śmiertelność, przy dawce 
kwasu maleinowego dobrze znoszonej na diecie witam inowej i znaczną 
aminoacydurię, przy dawce prawie o połowę mniejszej. Dodanie obok 
drożdży witam inu E w yraźnie zmniejsza to działanie.
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A M IN O A C ID U R IA  C A U SE D  B Y  M A L E IC  A C ID  

II. TH E EFFEC T OF DIET

S u m m a r y
1. A single parenteral adm inistration of maleic acid in dose-s ranging 

from  300 to 400 mg./kg. body weight results in a considerable amino
aciduria in rats fed w ith the lactose containing diet.
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2 . The diet applied contained 30% of lactose (as pure lactose added 
or as a component of powdered skim milk).

3. The same doses of maleic acid did not induce any am inoaciduria 
in rats fed w ith diet containing a m ixture of sucrose and starch instead 
of lactose.

4. One week of the lactose containing diet appears to be sufficient 
to render rats sensible to the am inoaciduria inducing effect of maleic 
acid.

5. The vitam in m ixture was replaced by dried baker’s yeasts in the 
lactose containing diet. Rats fed w ith  such a diet showed a considerable 
m ortality when maleic acid was adm inistered to them  in doses well to
lerated by rats on vitam in diet. A half of those doses of maleic acid 
adm inistered to rats fed w ith so modified diet resulted in a considerable 
aminoaciduria. The addition of vitam in E to the diet abolished this effect.

O trzym ano 2.5.1969 r.
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A C T A  B I O O H I M I C A  P O L O N I C A  
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IRENA MOCHNACKA and CZESŁAWA PETRYSZYN

TREHALOSE IN CELERIO EUPHORBIAE

Z a k ła d  B io ch em ii  E w o lu c y jn e j  I n s ty tu tu  B io ch em ii  i B io f i z y k i  P A N ,
Z a k ła d  C h em ii  F iz jo lo g ic zn e j  A M , W a r s z a w a

W yatt and Kalf [5] have found trehalose to be the m ain sugar in 
haem olym ph of eight insect species. Howden and Kilby [3] found also 
this sugar in Schistocerca gregaria. It is now generally accepted that 
trehalose is a typical blood sugar of the m ajority of insects especially 
in larval stage. However, Evans and D ethier [1] could not find any tre 
halose chrom atographically in the blood of Phormia regina larvae although 
it is the main sugar in adult insect.

In our studies on Celerio euphorbiae we have stated  the presence of 
trehalose in haemolymph and tissues of pupae, while we have failed 
to show it in the caterpillars haemolymph. Thus, we have decided to 
undertake some regular quantitative studies on the occurrence of trehalose 
in this species.

EXPERIMENTAL

Material. Caterpillars, pupae and adult moths of Celerio euphorbiae 
were used. The determ inations were done separately in haemolymph 
and in body after bleeding.

Identification of trehalose. It was accomplished by paper chrom ato
graphic separation, chrom atographic elution, and estim ation of reduction 
in the w ater eluate before and after hydrolysis. Three kinds of samples 
were applied on W hatm an No. 1 paper: (I) trichloroacetic acid extracts 
of haemolymph and of tissues homogenate, (II) ethanol extracts a t 75° 
deionized on Dowex 1 and 50, evaporated to dryness and dissolved in 
w ater (method described by W yatt and K alf [5]) and (III) u ltrafiltrates 
from  haemolymph.

The ascending chrom atography was perform ed for 24 hr. at room 
tem perture, n-butanol-acetic acid-w ater (4:1:1 v/v) being used as solvent. 
The spots were developed by silver n itra te  m ethod of Trevelyan et al. [4].
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Trehalose gives a slightly coloured spot, but quite sufficient for identifi
cation and localization of the compound.

Spots w ith  an R F corresponding w ith those of glucose and trehalose 
standards w ere found. The eluates of trehalose spots did not reveal any 
reduction, in Hagedorn and Jensen m ethod before, but did so after acid 
hydrolysis. M altose had an R F sim ilar to that of trehalose when the same 
solvents were used, but the absence of reduction before hydrolysis in  our 
case excluded the presence of this disaccharide.

Estim ation of trehalose. Haemolymph and homogenate of the residue 
of the body was dialysed against distilled w ater for 24 hr. at room tem 
perature, w ater being tw ice changed. The presence of reducing dialysable 
compounds was estim ated by Hagedorn and Jensen, method [2] in external 
fluids directly and after 90 min. hydrolysis in. 1 N-sulphuric acid at 100° 
The results expressed as glucose w ere calculated for 100 g. of the dialysed 
tissue. Values found directly were subtracted from values obtained 
after hydrolysis giving contents of trehalose.

RESULTS

The trehalose contents in caterpillars of different age are given in 
Table 1. There is no trehalose in blood or in tissues in feeding caterpillars 
by our m ethod, nor could trehalose be dem onstrated chrom atographically 
at this stage. The picture is rapidly changed when adult caterpillar ceases 
to feed and starts  “running”. The trehalose content in haem olym ph on 
the first day of “running” is about 500 mg°/o, and reach as up over

T a b l e  1

T reh a lo se  in  th e  h a e m o ly m p h  a n d  in  the  t is sues  of C e ler io  eu p h o rb ia e  c a te rp i l la r s  
R e d u ctio n  w as e s t im a te d  in  u ltra filtra te s  d irectly  and  a fter  90 m in . hyd ro lysis  in  1 N -H 2S 0 4 

a t 100°. V alues expressed as g lu cose  (m g. per 100 g. o f  tis su e )

1
Age o f the 
caterpillar

Haemolymph Tissues

directly after
hydrolysis trehalose directly after

hydrolysis trehalose

Feeding 315 308 0 496 481 0
330 367 0 426 442 0
461 465 0 321 323 0
440 443 0 412 414 0

Running: 1st day 205 752 547 288 280 0
182 754 572 233 242 0

2nd day 205 1850 1645 — —

177 1470 1293 262 276 0
”Spinndle-form” 175 1520 1345 450 462 0

252 1360 1108 332 337 0
223 1530 1307 392 419 0
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1000 mg°/o on the second day. No trehalose is found in bleeded tissues 
a t this stage. The fu rther period of pupating, called “spindle-form ” pro
vides the sim ilar data.

T a b l e  2

T reha lose  in  the  h a e m o ly m p h  and  in th e  t is su es  of C e ler io  e u p h o r b ia e  pup a e  
R ed u ction  w as e st im a ted  in  u ltra filtr a te s  d irec tly  and  a fter  90 m in . h y d ro ly sis  in  1 N -H .,S 0 4 

at 100°. V alues expressed as g lu co se  (m g. per 100 g. o f  t is su e )

Age o f the 
pupa

Haemolymph Tissues

directly after
hydrolysis trehalose directly after

hydrolysis trehalose

1 day 395 1680 1285 452 463 0
363 1350 987 410 418 0
395 885 490 336 314 0
360 1254 894 397 395 0

2 days 362 1430 1068 470 477 0

9 days 134 1436 1302 290 212 0

1 10 days 124 1048 924 310 312 0

1 4 weeks 187 948 761 203 257 54
200 940 740 215 307 92

9 weeks 372 1292 920 284 385 101

3 months 300 1170 870 335 435 100

6 months 232 1580 1348 311 524 213
271 1285 1014 496 748 252
243 1400 1157 442 735 293
204 1390 1186 416 775 359
216 1245 1029 403 753 350
288 1418 1130 438 638 200
270 1270 1000 470 720 250

i first signs o f wing 293 535 242 271 282 0
pigmentation 606 826 220 325 329 0

distinct wing 
pigmentation 545 676 131 298 300 0

Table 2 shows the trehalose content in pupae. Its level in haemolymph 
rem ains still about 1000 mg%, since pupating till the end of diapausis. 
During diapausis trehalose is present in bleeded tissues, too, in contrast 
w ith w hat is found during first week of pupal life. It appears at 
the  end of the first month, reaches a concentration of about 300 mg°/o 
and disappears slowly at the end of diapausis. In the blood of pupae in 
full development the trehalose level decreases down to about 200 mg°/o, 
while it disappears completely from tissues.

Table 3 shows the results found in pupae one or two days before 
eclosion and in freshly emerged moths. Experim ents were carried out on
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T a b l e  3

T reha lose  in  the  p u p a e  a n d  th e  a d u l t  m o th s  of C e ler io  eu p h o rb ia e  
R ed u ctio n  w as est im a te d  in  u ltr a f iltr a te s  d irec tly  an d  after  90 m in . hyd ro lysis  in  1 N -H 2SO 4. 

a t 100°. V alues expressed  as g lu cose  (m g. per 100 g. o f  t is su e )

Age Directly After
hydrolysis

Trehalose

Pupa near to the 307 308 0
eclosion 420 430 0

315 320 0

Moth immediately 283 283 0
after emerging 300 312 0

226 226 0

homogenates of whole insects, since it is impossible to separate haemo- 
lym ph at this stage. There is no trehalose in pupa just before eclosion 
nor in the  adult moth.

W e have exam ined euphorbia  leaves which are the  only food of Ce
lerio euphorbiae. We have found a great am ount of dialysable substances 
reducing in Hagedorn-Jensen test, and giving positive colour reaction 
w ith antron reagent corresponding to the am ount of reduced ferricyanide. 
The content of this compound in leaves was about 1300 mg°/o expressed 
as glucose, while in the latex  alone it was about 4000 m g% . The re 
duction did not increase after hydrolysis, thus the presence of trehalose 
was excluded. Trehalose was not found chrom atographically, too.

The results presented point ou t once more the necessity of precaution 
in generalizations in insect biochem istry. The opinion tha t trehalose is 
the m ain  sugar of haem olym ph at larval stage does not hold for Celerio 
euphorbiae. Trehalose does not occur in  feeding caterpillars of this 
insect, while its appearances can be regarded as a biochemical m ark o f 
the inset of pupating. The presence of trehalose is also typical for the  
next period of pupal quiescence whereas its decrease characterises the 
inset of im aginal developm ent in the pupa. Pupa ju st before em erging 
as well as imago does not contain any trehalose at all. Trehalose is 
present in tissues during pupal diapausis, w hat seems to be a typical 
feature  for this stage.

SUMMARY

The presence of trehalose has been sta ted  in Celerio euphorbiae cater
pillars only at the  end of feeding period. It is also present in the  pupal 
stage till the  end of diapausis. Pupae during im aginal developm ent and 
imago do not contain any trehalose. Trehalose occurs only in haem olym ph 
except in pupae during diapausis w hen it can be also found in tissues.
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TR E H A L O Z A  U  C E L E R IO  E U P H O R B IA E

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

W ykazano obecność trehalozy u gąsienicy Celerio euphorbiae po
cząwszy od zaprzestania żerowania oraz u poczwarki aż do końca okresu 
spoczynku. Gąsienica w  okresie żerowania, poczwarka w  rozwoju i motyl 
nie zawierają trehalozy. Trehaloza w ystępuje tylko w  hemolimfie, je
dynie u poczwarki w diapauzie znajduje się ją także w  tkankach.

O trzym ano 5.5.1959 i .
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K. L. W IERZCHOW SKI and D SHUGAR

STUDIES OF REVERSIBLE PHOTOLYSIS IN OLIGO AND 
POLY- URIDYLIC ACIDS

In s ty tu t  B io ch em ii  i B io f i z y k i  P o ls k ie j  A k a d e m i i  N au k ,  W a r s za w a

In previous investigations from  this laboratory it was shown that the 
loss in absorption of RNA and APA, provoked by irradiation at 2537 A, 
could be partially restored in the “dark” by heating in neutral medium 
(Wierzchowski & Shugar, 1956; Shugar & Wierzchowski, 1957, 1958a). For 
deaminated RNA (Shugar & W ierzchowski, 1958a) as well as for poly-U 
and deaminated APA (Wierzchowski & Shugar, 1958) no such reversi
bility could be observed; but we have since found that, under suitable 
conditions, the photodecomposition of these polynucleotides can also be 
partially  reversed in the “dark”.

The obvious importance of the above observations in relation to the 
phenomenon of biological photoreactivation, which has now been de
m onstrated for isolated, biologically active, nucleic acids (Rupert, Good- 
gal & Herriot, 1958; Bawden & Kleczkowski, 1959) prom pted us to extend 
them  to a series of model oligonucleotides.

On the basis of the  photochemical behaviour of purines and pryrim i- 
dines, particularly  nucleosides and nucleotides of the latter, it was pre
viously suggested that the reversible dark  reaction exhibited by irradiated 
polynucleotide chains was most likely due to the reversible uptake of 
a w ater molecule by the 5, 6 double bond of some of the uracil and cy
tosine bases (see Shugar & W ierzchowski, 1958 for review). This was, 
however, based on the assumption tha t the behaviour of each aromatic 
ring in a nucleotide chain is independent of the presence of neighbouring 
rings. That such may not necessarily be the case is indicated by the fact 
tha t the photochemical behaviour of a nucleotide is dependent on the

T he fo llo w in g  a b b rev ia tion s are used th rou gh ou t th is  tex t: R N A , r ib on u cleic  acid; 
D N A  d eo x y r ib o n u cle ic  acid; A P A , a p u rin ic  acid ; Up, u r id ine-2 '(3 /)-ph osp hate; Up!, 
uridine-^': 3 '-phosph ate; pU p, uridine-2'(3'), 5 '-d ip h osp h ate; p o ly -U , p o ly -u r id y lic  acid; 

PR,  p h o toreactiva tion ; TR,  th erm al rea ctiva tion

r 3i3 ]
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position of esterification of the sugar hydroxyl(s) (Wierzchowski & Shu- 
gar, 1957), as well as the observation that the apparent quantum  yield for 
deoxycytidylic acid in  irradiated  APA is higher by a factor of 3 than  th a t 
for the free acid (Shugar & W ierzchowski, 1958a).

Additional evidence for appreciable interaction between arom atic rings 
in nucleotide chains is furnished by the hyperchrom ic effect (for review  
see Beaven, Holiday & Johnson, 1955) which, in the case of DNA, is due 
partially  to hydrogen bonding between base pairs in the tw in strands of 
the W atson-Crick model. However, appreciable hyperchrom icity exists 
also in individual polynucleotide chains (W arner, 1957) and even in di
nucleotides (Sinsheimer, 1954; de Garilhe & Laskowski, 1954). An exa
mination of the quantitative variation of hyperchrom icity w ith pH for 
small oligonucleotides has shown that hydrogen bonding is not the m ajor 
source of this effect (Michelson, 1958) and tha t it is undoubtedly due in 
large part to interaction between yr-electron orbitals of adjacent parallel 
rings w ith the form ation of a more complex chromophore em bracing 
several rings (Laland, Lee, Overend & Peacocke, 1954; Lawley, 1956; Mh- 
chelson, 1958, 1959). It therefore follows tha t the behaviour of a given 
ring, upon excitation as a resu lt of absorption of light, will depend on its 
position in the chain as well as the nature of neighbouring rings.

In view of the above it became desirable to exam ine in greater detail 
the behaviour of individual nucleotides in polynucleotide chains and, in 
accordance w ith  a previous suggestion (Shugar & W ierzchowski, 1958a), 
we undertook the following investigation on the photochem istry of some 
homologous oligonucleotides of Up. These la tte r possess a d istinct advan
tage over oligonucleotides of o ther nucleic acid derivatives in  tha t poly-U 
exhibits only 5-6% hyperchrom icity (W arner, 1957) so tha t spectral va
riations resulting from  irradiation m ust be due practically en tirely  to  
modifications of the uracil rings.

MATERIALS

We are indebted to Dr. S. Ochoa for a sample of poly-U prepared by 
enzymatic synthesis (Grunberg-M anago & Ochoa, 1955) and to  Dr. A. M. 
Michelson for several samples of chem ically synthesized oligonucleotides 
of Up (Michelson, 1959) containing a m ixture of 2': 5' and 3': 5' in te r
nucleotide linkages.

Di-, tri-  and tetra-U p w ith  term inal cyclic phosphate groups w ere 
prepared from  poly-U by hydrolysis w ith  ribonuclease, followed by chro
m atography, as described by Heppel, Ortiz & Ochoa (1957); the cyclic 
phosphate groups in these oligonucleotides were opened by acid treatm ent.

UpU was prepared, according to the procedure of Heppel, W hitfield
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& M arkham  (1955), using Up! prepared by a modification (Shugar 
& W ierzchowski, 1958c) of the procedure of Dekker & Khorana (1954) 
m aking possible the preparation of th is compound in quantitative yield 
w ithout column chrom atography.

UpUp and UpUpUp were prepared from the chemically synthesized 
oligonucleotides of Up by separation on paper w ith  the ethanol-am m onium  
acetate solvent of Heppel et al. (1957). UpUp containing only 2': 5' in te r
nucleotide linkages, was obtained by ribonuclease hydrolysis of the che
m ically synthesized oligonucleotides, followed by chrom atography.

The procedure of Levene & Tipson (1934) was used for the preparation 
of isopropylideneuridine; the R F value of this compound, relative to that 
of uridine, is 3.0 in ascending chrom atography on W hatm an No. 1 paper, 
using as solvent butanol saturated  w ith  a  saturated  solution of boric acid.

The 2'(3'), 5'-diphosphate of uridine was prepared according to the 
method of Hall & K horana (1955), using as starting  m aterial uridine-2'(3')- 
-phosphate; yields were at least as good as those reported w ith uridine.

EXPERIMENTAL

The method of irradiation, w ith all a ttendan t details, were as previously 
described (Wierzchowski & Shugar, 1957). Because of the small quantities 
of some of the m aterials at our disposal, m any experim ents were conducted 
in 10-mm. microcuvettes w ith a volume of 0.5 ml. in a Hilger Uvispek 
spectrophotom eter in which a narrow  ex it slit was obtained by insertion 
of a suitable mask. O rdinary 10-mm. cuvettes were used for those ex
perim ents where larger quantities of m aterial w ere available. For studying 
the influence of concentration on the course of a photochemical reaction, 
recourse was had to ordinary 1-, 2- and 5-mm. cuvettes as well as the 
thin (down to 0.05 mm) cylindrical cuvettes supplied w ith the Soviet 
SF4 spectrophotom eter. All kinetic m easurem ents were made at room 
tem perature, about 22°. Solutions were irrad iated  in  0.02 m  Sorensen 
phosphate buffer, pH 7.2; while pH control was by means of the glass 
electrode, using a Radiometer pH m eter.

All calculations were based on changes in absorption which, because 
of the low hyperchrom icity of oligonucleotides of Up, are directly propor
tional to changes in concentration of the num ber of Up residues in the 
solution. For the  same reason concentrations of oligonucleotides of Up 
are expressed in term s of the equivalent concentration of mononucleotides, 
e. g. 10~4 m poly-U means tha t if the poly-U were hydrolyzed to mono
nucleotides, the concentration of the resulting solution of Up would be
10~4 M.
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RESULTS

The nature of the results obtained w ith Up as well as oligo- and poly-U 
were such that it was found necessary to exam ine in detail the kinetics 
for photolysis of 1,3-dim ethyluracil and Up. For the sake of sim plicity 
the data for these compounds are presented first.

1,3-dimethyluracil

The kinetics of photolysis of dim ethyluracil were exam ined at room 
tem perature (20°) at initial concentrations, C0, of 10~2 to 10-4 m  in 
0.02 M-phosphate buffer 4) pH 7.2 and the data analyzed by two different 
procedures :

(a) According to  the general photochemical equation

— -d̂ = k î o( l - 1 0 “ D«) (1)

where Dc, the optical density of the solution being irradiated , and 
m easured a t the absorption m axim um  (in this case 2660 Â), is proportional 
to the concentration; Da is the optical density at the wavelength em itted 
by the radiation source (2537 A) and I0 is the intensity  of incident beam 
on the sample (cf. Sinsheim er, 1954b). Actually Dc in the above equation 
may be replaced by Da, but we have found it more convenient to follow 
the course of irradiation at both wavelengths since this provides a  more 
precise control of the natu re  of the reaction.

The rate  of decrease of Dc was plotted against (1— 10“ % ) for those 
cases w here the irradiated  solution was optically “th in” enough to trans
m it some of the incident light.

For higher concentrations w ith Da >  2, and w ith 70 constant, as is 
usually the case, the above equation becomes

— constant, (2)

if no concentration effects intervene.
(b) The reaction order was also estim ated graphically, according to 

the difference method of van’t Hoff. If k is the rate  constant and n  the 
order of a given reaction, then

- ^  =  kDî, (3)

h N e ith er  th e  b u ffer  nor th e  io n ic  stren g th  of th e  m ed ium  in flu e n c e  the reaction , 
sin ce  th e  resu lts w ere  th e  sa m e in u n b u ffered  so lu tion .
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and n  is obtained directly from the slope of the plot of log (— dD/dt) 
vs. log D. For this purpose photolysis was usually carried to about 80% 
completion.

The course of photolysis of solutions of dim ethyluracil w ith initial 
concentrations, C0, in the range 10-5 — 1 0 ~ 3 m is in good agreement w ith 
the general equation (1) given above (see Fig. 1) under conditions where 
the irradiated  solution transm its some of the  incident light. The quantum  
yield is, however, only approxim ately constant (see below) for the entire 
course of the reaction w ith an average value of about 10X10~3, in 
reasonable agreem ent w ith that reported by Moore & Thomson (1956). 
At concentrations higher than 10_ 3 m the  general equation is no longer 
obeyed (Fig. 1).

For optically “th ick” solutions the kinetic data are not in accord w ith 
equation (2), as can also be seen from an analysis of the data by the dif-

Fig. 1. C ourse o f p h o to ly s is  of 1,3-di- 
m eth y lu ra cil in  0.02 m -ph osp hate

b u ffer  pH  7.2: 

x , C0 —  10-3 m  or 10~4 m  

O, C0 — 1 0 -2 m

F ig. 2. C a lcu la tio n  of reaction  order by  
d iffe re n c e  m eth o d  for p h oto lys is o f  

1 ,3 -d im eth y lu ra c il:

X Of 
A, Co' 
O, Co'

'10 4 m  or 10 3m; D0<  1 
i o - 3m; d 0= i o
10 - m ; D0<  1

n = 0 .7 7
n = 0 .7
71= 0.75

ference m ethod (Fig. 2) from  which it is apparent th a t the  reaction course 
in the  concentration range 10-5— 10~3 m is independent of the optical 
thickness of the irradiated  solution. From  Fig. 2 it w ill be observed that 
the reaction order is about 0.75. It follows th a t 0  cannot be constant and, 
in fact, a variation of about 10% prevails.

A 7-fold increase or decrease in incident light in tensity  was w ithout 
effect on the reaction order. Furtherm ore, irrespective of the concen
tration irradiated , reversibility of the photoproduct to dim ethyluracil in 
the dark was, in  all instances, very high (98— 100%) either by acidification 
to pH 1 (with a t x 2 at room tem perature of a couple of minutes) or by 
heating at neutral pH (t1/2 at 80° about 15 mins.).
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Uridylic acid

The photochemical behaviour of this compound was exam ined over 
the same concentration range as m ethyluracil, 10-2— 1 0 _ 5 m  , in 0 . 0 2  m -  

-phosphate pH 7 at 20°. Since the behaviour of the  2' and 3' isomers is 
sim ilar as regards the forw ard reaction (Shugar & W ierzchowski, 1958a) 
the Up used was a commercial purified preparation.

The photolysis of Up was found to follow the general photochemical 
equation (1) only at concentrations of 1 0 ~ 4 m  or less, as can be seen from 
Fig. 3. Above 10—4 m  the relationship no longer holds and deviations 
from  it increase w ith increasing concentration, the reaction rate  rising for 
solutions exhibiting sim ilar values of (1— 10~~Da), as exhibited in Fig. 3.

F ig . 3. C ourse o f p h o to ly s is  o f U p  
in  0.02 M -phosphate  b u ffer  pH  7.2: 

x ,  Co —  1 0 - “ M 

A, Co ~  10“ 3 m  

O, C0 ~  10-2 m  w ith  

in c id en t d o se  about h a lf that for: x ,  L

Concurrently the quantum  yield exhibits a concentration dépendance, as 
one would expect. Only in th e  concentration range below 1CU4m is the 
quantum  yield constant at about 20X10~3, if we assume th a t the displace
m ent of the curve along the abscissae by about 5%  of the initial absorption, 
(1— 10_ZL), is the  result of absorption by the photoproduct which is, 
however, considerably more resistan t to irradiation than  Up itself.
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An analysis of the data by the difference m ethod illustrates more 
clearly  the concentration dependance of the reaction. From  Fig. 4 it will 
be observed that the overall reaction order varies w ith concentration over 
the entire  concentration range exam ined. In going from  10—2 to 1 0 ~ 3 m, the 
reaction order n  decreases from  1.7 to 1.2; a further decrease in concen
tration to 5 X 1 0 - 4 m results in a fu rth e r decrease in n  to 0.7; and, finally, 
a t  10~5 m  the value of n  increases slightly so that it is nearly  unity. These 
results are entirely independent of w hether the kinetic data were obtained 
on optically th in  solutions or under conditions where total absorption 
prevailed.

An exam ination of the kinetic data by both of the above procedures 
can now be seen to indicate tha t the assumption of constant quantum  
yield at low concentrations of Up (see above) is unjustified, and that the 
explanation given above for displacem ent from the origin of the ex tra 
polated curve of dD/dt vs. (1— lO- ^ )  is likewise unacceptable. The 
variation of quantum  yield for photolysis of Up at various concentrations 
is shown- in table 1.

Ta b l e  1
V a r ia t io n  of q u a n tu m  y ie ld  0  fo r  U p  as a funct ion  of d eg re e  of p h o to lys is

Exper.
n o . % % photolysis 0 X 1 O 3 

(m ole-einstein- x )

1 0.89 X10~ 4m 6.0 19.5
20.0 19.5
31.0 18.8
47.0 18.4
64.5 18.2
77.3 16.7
83.5 14.4
90.0 10.6

2 1.06 x 10 3m 2.0 29.0
10.0 28.2
28.5 22.8
38.5 21.5
49.0 18.3
61.0 16.0
72.5 14.1
82.5 11.5

From  a plot of the initial rate  of photolysis (dD/dt)-, vs. log Co for the 
concentration range 10-5— 10~3m, th e  reaction order w ith  respect to 
initial concentration C0 was estim ated. From 10_ 5 m to  5X 10- 4 M this is 
about 0.15; at higher concentrations the order increases and in the  range 
5X 10-4 to 1 0 ~ 3 m attains the value 0.35.

5
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In view of the above results the  absorption of solutions of Up w as 
measured over a concentration range of 10“ 5 to 0.5X10~3 m ; no deviations 
from the Beer-Lam bert law were, however, observed.

Reversibility

Irrespective of the concentration used, reversion of the photoproduct 
to the original Up in the “dark” was practically quantitative under our 
conditions. Acidification to pH 2 or heating at neutral pH at 80° restored 
95— 100% of the  original absorption at 2600 A, irrespective of the con
centration of the  irradiated solution and in agreem ent w ith previous 
observations on thin solutions (Sinsheimer 1954b). Furtherm ore the ra te  
of reversion of the photoproduct to the original Up was apparently  inde
pendent of the concentration. Finally, the Up regenerated from  the photo
product by acidification or heating was chrom atographically sim ilar to  
the original Up.

Uridine

This compound was exam ined in the concentration range 10-5— 1.5X 
X 10“ 3 m , and the behaviour was found to be qualitatively sim ilar to tha t 
for Up, i. e. the quantum  yield 0  varies w ith  concentration. In the con
centration range 10-5— 10~4m the photochemical behaviour is identical 
to that of Up: a straight line relationship according to equation (1) and 
a sim ilar slope according to equation (2) w ith an initial n of 0.8 w hich, 
towards the end of the reaction, increases to 1.2.

For concentrations higher than 10- 4 m the shape of both curves is 
analogous to those for Up but the slopes are  different. The reaction order 
as estim ated by the difference m ethod is about 1.4.

Isopropylideneuridine

The course of photolysis of this compound in the concentration range 
10~5— 1 0 ~ 4 m  is practically identical w ith that for Up. The initial quantum  
yield is also the same. Thermal reversibility at 80° following 75% photo
lysis is >  95%. There is, however, a m arked difference in the rate  of the 
reverse reaction, which is very rapid for this derivatives w ith  a t1/2 of less 
than  5 mins. A ttention should be drawn to the fact that the rate  of the 
reverse reaction is equally rapid for uridine-2 ': 3 '-phosphate (Shugar 
& Wierzchowski, 1958a). In the case of cytosine nucleotides, not only the 
reverse reaction but also the rate  of the  photolytic reaction is influenced 
by the position of esterification of the carbohydrate m oiety (Wierzchow
ski & Shugar, 1957).
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Uridine-2' (3'), 5'-diphosphate

In the concentration range 10~5— 10_4 m the  kinetic behaviour of this 
compound is completely analogous to tha t for Up; the quantum  yields are 
also the same under sim ilar conditions. The behaviour of pUp at higher 
concentrations up to 10~3m does not differ from  that a t lower concen
trations; since, however, the solutions contained, in addition to phosphate 
buffer, also 0.1 M-sulphate ions, a direct comparison w ith Up under 
comparable conditions is not w arranted because of the possible influence 
of ionic strength  of the medium.

Therm al reversibility of photolysed pUp is as high as for Up, i. e. 
95— 100%.

Di-uridylic acids

We have examined the photochemical behaviour of a variety of di
nucleotides of Up, including UpU, UpUp, UpUp! as well as UpUp in which 
the internucleotide linkage is 2', 5', again under 
conditions sim ilar to those used for Up. Due, 
however, to the small quantities of m aterial 
available, it was possible to examine the effect of 
concentration only in the case of UpUp containing 
an equal m ixture of 2', 5', and 3', 5' internucleotide 
linkages, over the range 10~5 to 10~3 m .

In view of the fact th a t all the above were 
found to exhibit sim ilar photochemical behaviour, 
only some representative results will be included 
here.

A plot of dDc/d t vs. (1— 10~Da) for the  above 
compounds gives a curve consisting of tw o in te r
secting stra igh t lines w ith m arkedly different slopes 
(Fig. 5), the change in slope occurring approxi
m ately at the point where 50% of the  arom atic 
rings have undergone reaction. Because of the fact 
that neither of the straight-line portions of the 
curve pass through the  origin, the quantum  yields 
vary during the course of the reaction. Fig. 6 ex
hibits the  quantum  yield 0  as a function of the 
proportion of the compound which has already 
reacted photochemically, for UpUp. The initial quantum  yield is found to 
be tw ice as large as the  initial quantum  yield for a solution of Up 
containing an equal concentration of arom atic rings.

Fig. 5. C ourse o f ph oto
ly s is  o f U p U p (equim olar  
m ix tu re  o f in tern u c leo 
tid e  lin k a g es 2', 5' and  
3', 5') in  0.02 m -p h o sp h 
ate b u ffer  pH  7.2, w ith  
C0 ~  10“ 1 m  or ~  10 3 m
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The reaction order, as determ ined by the difference method, is shown 
in Fig. 7. As before we find a discontinuity at a point corresponding to 
tha t where approxim ately 50% of the  arom atic rings have been photo- 
lysed. Up to this point the reaction order n  is about 2.5, following which 
it drops to practically unity, actually about 1.1.

By contrast to Up, however, percentage reversion of the photoproduct 
to the  original compound is dependent on the extent of the photochemical 
reaction. A closer study of this dépendance was made for isomeric UpUp 
(i. e. containing a m ixture of 2', 5' and 3', 5' internucleotide linkages) be
cause more of this m aterial was available, and because it was found that 
the  individual isomers behaved sim ilarly as regards both the forw ard and 
backward (“dark”) reactions.

The experim ental findings are included in Table 2. It will be observed 
that the ex ten t to which the reaction is reversible in the dark (therm al 
reactivation or TR) increases w ith the degree of photolysis. Up to the 
point where 50% of the uracil rings have reacted, the %  TR  does not 
exceed 50. However, beyond the point where 50% of the arom atic rings

F ig. 7. D eterm in a tio n  of 
reaction  order for  p h o to 
ly s is  o f U p U  by d ifferen ce  
m ethod: C0 — 10-4 m ; n : =  

=  2.4; tv> =  1.1

have undergone photolysis, the %  TR  begins to increase and attains values 
as high as 80%. This is perhaps best illustrated  by irradiating a given 
solution of the dinucleotide w ith increasing doses and reactivating therm ally 
after each dose. From  these results it is clear that, following a 50% de
crease in absorption as a result of irradiation, fu rther decreases in  absorp-

F ig. 6. V a ria tion  o f qu antu m  
y ie ld  0  w ith  course o f p h oto lysis  
of U p U p (cond itions as in F ig. 5)

[ 10]
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T a b l e  2

Course of photolysis and °!o therm al react iva t ion  (°lo TR) a t  8 0 °  o f  isomeric UpUp, 
as w ell  as %  TR following repea ted  photolysis  of regenerated photoproduct  

A so lu t io n  o f  U pU p, c o n cen tr a tio n  c  a t t im e  0, h a s  a n  o p tica l d en s ity  ; a fter  irrad iationA C
for t im e  t  i t s  o p tica l d en s ity  drops to  D l . T h e  % decrease in  o p tica l d en sity , or % p h oto lys is

i1b th erefore  11 — ^  1x100. T h e  s o lu tio n  is  th e n  h ea ted  u n t i l  th e  o p tica l d e n s ity  a tta in s  a fin a l

l D c ~ D c \va lu e  D r \ th e  % TR  is  th en  I ------- } x  100. T h e  th erm a lly  rea c tiv a ted  so lu tio n  is  n ow  aga in
\Z)° — D ( I' c c' f

irrad iated  u n t il  i t s  o p tica l d e n s ity  h a s  fa lle n  to  th e  n e x t low er va lu e  in  th e  Dc c o lu m n  and  
th e n  aga in  h e a t rea ctiv a ted  an d  th e  % TR  ca lcu la ted  in  th e  sam e way

Exper.
no. D °t-’c £>c %

p hotolysis Dfc % TR % repeated 
TR

1 0.695 0.422 39 0.550 47
0.235 66 0.540 66.5 97.0
0.136 80.5 0.540 72.5 100

2 0.690 0,650 6 0.655 12.5
0.528 23.5 0.555 16.7 20.3

0.460 33.5 0.510 21.8 52.5
0.382 44.5 0.460 25.3 61

0.302 56.0 0.460 40.7 100

0.130 81.3 0.460 59.0 100

3 0.620 0.092 85.2 0.500 77.5

4 0.612 0.096 84.3 0.490 76.5

tion resulting from  additional irradiation are completely reversible in the 
dark.

K inetic data for TR  presented according to the  difference method also 
emphasize the differences in TR  prior to, and following, 50% photolysis, 
as can be seen from  the difference in slopes of the curves before and after 
50% photolysis (Fig. 8). Furtherm ore, in those instances where photolysis 
has not affected more than 50%  of the arom atic rings, the  TR  curve is 
very  steep; where photolysis has exceeded 50%, that portion of the TR  
curve corresponding to the initial 50% photolysis exhibits a sim ilar steep 
slope.

Tri-uridylic acid

The photochemical kinetics for this compound in the concentration 
range 10-5— 10~4m resem ble those for UpUp, w ith the exception that the 
change in the reaction order, as well as the natu re  of the dependance of 
ra te  of photolysis on the absorption of the irrad iated  solution, occurs only 
after about 60% of the arom atic rings have reacted.

[ i i ]
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The degree of therm al reactivation, for the trinucleotide is sim ilar to 
tha t for the dinucleotide, i. e. about 80%, provided the photochemical 
reaction has been carried to the point where 80% of the rings have 
reacted. There are, on. the o ther hand, some slight differences in behaviour, 
e. g. early in the stage of photolysis the  degree of reactivation is higher 
than  for dinucleotides, while at the la te r  stages of the reaction the %  TR 
approaches that for the dinucleotide.

Poly-U ridylic acid

Qualitatively the photochemical behaviour of poly-U resembles that 
for the mononucleotide in that the absorption m axim um  at 2600 Â de
creases in. height, along w ith a small drop in absorption in the neigh-

Fig. 8. C ourse o f therm al 
rea ctiv a tio n  at 80° for  

U p Up:
A a fter  16% p h oto lysis
O „ 47%
x „ 85%

Fig. 9. P h o to ly sis  and therm al 
rea c tiv a tio n  of p o ly -U  10" 4 m  

w ith  respect to  U p in  0 .0i2m -  
-p h o sp h a te  b u ffer  pH  7.2:

 before irrad iation
 a fter  1 hour irrad ia tion
 irradiated  so lu tion  h ea ted

for 3.5 hou rs at 80°

bourhood of the m inimum  at 2300 A (Fig. 9). There is, however a m arked 
difference in kinetic behaviour and, in  fact, the  kinetics of photolysis of 
oligonucleotides more and more begin to resemble that for poly-U as 
th e  num ber of residues in the chain increases.

The course of photolysis of poly-U over the concentration range 
10~5— 10-3 m is apparently  independent of concentration, and exhibits 
a straight-line relationship according to equation (1) only to a point w here
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about 50% of the uracil rings ha-ve reacted. Beyond this point the course 
of the reaction begins to deviate continuously from  the straight line, as 
.shown in Fig. 10.

The quantum  yield consequently varies during the course of the 
reaction, the  initial value being twice that for a solution of Up of the 
same concentration (i. e. containing the same num ber of uridylic acid 
residues) but sim ilar to that for di- and higher oligonucleotides under

Fig. 10. C ourse o f p h o to ly s is  
o f h igh  m o lecu lar  w e ig h t  
p o ly -U , C0 ~  i0  ' m  o r — 10 3m 

w ith  r esp e ct to  Up:

O p o ly -U
x  a fter  en z y m a tic  h y d r o ly s is  

to m o n o n u cleo tid es

F ig. 11. D e term in a tio n  of 
rea ctio n  order  for p h o to ly 
s is  o f  h ig h ly  p o ly m er ized  

p o ly -U :

x , C0 — 10~4 m ; n , =  1.35;
n 2 =  2.5.

O, sa m e so lu tio n  as above  
fo llo w in g  TR; n  =  3.0 

□ , C0 — 10^3 m  in D sO, 
pD  =  7.0; n , =  1.35;
Tii =  3.3

sim ilar conditions. To exclude the  possibility of artifacts, the poly-U was 
hydrolyzed w ith RN-ase until only m ononucleotides were present; the 
photochemical behaviour of such a solution was now found to exactly 
duplicate that for Up (Fig. 10).

Because of this m arked difference in 0  betw een poly-U and Up, the 
photochemical behaviour of both of these was exam ined in heavy w ater 
at a pD of 7 (cf. W ierzchowski & Shugar, 1956, 1957; Shugar & W ierz
chowski, 1957, 1958b). For poly-U the isotope effect 0h ,o /0d , o  was found
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to be about 1.2 initially, and this value increased gradually until it reached 
2.8, which is comparable to tha t of 3.0 found for Up.

The kinetic data calculated according to the  difference m ethod are 
shown in Fig. 11. The slope of the curve for highly polymerized poly-U 
is about 1.35 up to 35°/o photolysis, following which there is a break, 
w ith a change in slope to 2.5 until completion of the reaction.

For shorter oligonucleotides of Up the initial portion of the  curve is 
slightly fla tte r and shorter (~15°/o photolysis), following which the slope 
rises to 2.5 and then rem ains unchanged during the entire course of the 
reaction. For highly polymerized poly-U the slope of the  second portion 
of the curve (i. e. that portion following 35% photolysis, Fig. 11) is 
somewhat higher in D20  w here n ~ 3 .3 . This second portion of the curve 
also exhibits a somewhat steeper slope for photolysis of therm ally reacti
vated poly-U, w ith n ~ 3 .0 .

T a b l e  3

R e v e r s ib i l i t y  o f  p h o to ly s is  o f  p o l y - U  as a fu n c t io n  of d eg ree  of pho to lys is  
See t it le  to  T ab le  2 for e x p la n a tio n  o f sym b ols

Exper.
no. 0 n 

O

D c
%

photolysis O % TR
f  repeated  

TR

1 0.655 0.540 17.5 0.580 35.0
0.317 51.5 0.432 34.0 43.5

2 0.625 0.312 50.0 0.422 35.0
0.170 73.0 0.420 55.0 100

3 0.560 0.140 75.0 0.370 55.0
0.140 75.0 0.370 55.0 100

The photolysis of poly-U m ay be reversed by heating in neutral so
lution or by acidification at room tem perature , and, for the highly poly
merized sample 55% reactivation m ay be obtained if not more than 80% 
of the uracil rings have reacted photochem ically. If the reaction is not 
carried this far, the degree of reversib ility  is lower, as m ay be seen from 
Table 3. However, even when the photochem ical reaction has proceeded 
for 20% of its course, the degree of reversib ility  is still about 35%; hence 
although the attainable degree of reversib ility  for poly-U is less than 
for dinucleotides, it is higher for the  form er following short periods of 
photolysis. If a sample of poly-U is photolyzed to half-com pletion of the 
reaction and then therm ally reactivated , the degree of reactivation 
attains 36%; if it is now again irrad iated  to the point w here 73% of the 
initial extinction at 260 m y  has disappeared, therm al reactivation of this 
second drop attains a value of 100%.
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The ra te  of the reverse reaction at 80° is dependent on the ionic 
strength  and is reduced 3-fold in 0.1 M-NaCl (ti/2~ 40—45 mins.) as 
compared to tha t in the absence of any salt (ti 2~100— 120 mins.). In acid 
the reverse reaction is very  slow; a t pH 1.3 and room tem perature, t i 2 is 
about 17 hrs. Because of this the  degree of reactivation was estim ated 
from  the effect of heating at neu tra l pH.

DISCUSSION

The m easured decrease in absorption of an irradiated solution clearly 
represents the secondary photochem ical process which controls the overall 
reaction rate. For the sim ple uracil derivatives (e. g. DMU, Up) this se
condary reaction most likely involves a single mechanism since, w hatever 
the conditions used, the reaction is completely reversible in the dark. 
Bearing in  mind that the reaction m ixture involves only a uracil derivative 
and w ater, the various reaction steps may be represented as follows:

U +  hv ^ U *  -  (4)

U* -^>U (5)

U* +  H20 ^ U ' H 20  (6)

U H . , 0  ^ U  +  H20  (7)

w here the u’s represent velocities. Reaction (4) is the prim ary photo
chemical process leading to the  form ation of excited molecules, (5) the
retu rn  of excited molecules to the  ground state  via fluorescence or internal 
conversion, (6) the secondary photochemical process leading to form ation 
of the photoproduct, and (7) the  spontaneous decomposition of the photo- 
product.

Under conditions where the incident light intensity  is constant and 
completely absorbed in the reaction system , Da~> 2, we have Vi =  Ia =  
=  const, and hence [U*] is constant.

We then  have
Vy — Vo =  v.A — u4

which, bearing in mind the stability  of the photoproduct during the period 
of observation, so that <̂ . vs, becomes

or
v3 =  v x — v 2 

=  k 3 [U*] =  la — fc, [U*l =  const.
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The rate of decrease in absorption will be zero order and the quantum  
yield should be constant and equal to

0 =  Mu*J =  const. (8)
La

Since the observed reaction order is not zero, while the quantum  yield 
varies during the course of the reaction, it is pertinent to exam ine the 
validity of the assumptions leading to the form ulation of equation (8).

The assum ption of a stationary  state concentration of excited mole
cules, although not open to question, does not take into account the 
possibility of transitions from  the initial to o ther excited states in which 
the molecules is more capable of uptake of a w ater molecule; as well as 
the possible dependence of such transitions on the concentration. In the 
absence of supplem entary experim ental data, there  is little  to be gained 
by any detailed discussion of this point. It would obviously be desirable 
to examine the excited states of some of the above derivatives by the 
m ethod of flash photolysis.

It is also conceivable, in view of the concentration dependance of 
reaction rate, that some interaction occurs betw een the photoproduct and 
excited molecules such tha t the la tte r im part energy to the form er by 
collisions of the second kind, thtis provoking the elim ination of a w ater 
molecule (energy of activation required is about 20 kcal./mole for di- 
m ethyluracil (Moore & Thomson, 1956) and probably more for Up). Since 
the frequency of collisions of the second kind increases w ith concen
tration, this effect should become more pronounced as the concentration 
of photoproduct increases as well as w ith higher absolute concentrations 
of substrate and photoproduct. The first of these suppositions is in agree
m ent w ith our observations; however the second is contrary to the results 
obtained since, w ith increasing absolute concentrations of the reactants, 
the reaction rate increases.

Di-uridylic acids: The kinetic behaviour of dinucleotides differs
m arkedly from  that observed for Up and other uracil monomer analogues. 
The lack of any differences in  behaviour between the various di-uridylic 
acids UpU, UpUp, UpUp! and U2'p5'U2'p clearly suggests that the  prin
cipal source of this difference between dinucleotides and monomers is 
the presence in the form er of two uracil rings w ith  a configuration such 
tha t there is interaction between their jr-electron orbitals (Laland et al., 
1954; Lawley, 1956; Michelson, 1958, 1959), notw ithstanding the fact that 
the low hyperchrom icity of poly-U has been in terpreted  as indicating the 
absence of any such interaction (W arner, 1958).

The two-fold higher initial quantum  yield as compared to uracil mono
mers, the characteristic changes in reaction order, the slope of the curve
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obtained according to equation (1) following photolysis of approxim ately 
50°/o of the uracil rings, and the sim ilar changes in the  reverse, dark, 
reaction all lead to the following conclusion, viz. that in a  dinucleotide 
one of the arom atic rings reacts initially and the second ring undergoes 
reaction only when, to a first approxim ation, all the first have reacted.

However, it is of some significance tha t about 25°/o of the uracil rings, 
of any steric effects resulting from the m utual interaction between rings 
a reversible photoproduct. In view of the TR  results for irradiated poly-U 
following treatm ent w ith ribonuclease or acid (see below) it would appear 
that the  lack of reversibility  of 25%) of the uracil rings is not the result 
of any steric effects resulting from the m utual in teraction between rings 
in  a dinucleotide. On the other hand we have no direct chemical evidence 
to suggest th a t they have been irreversibly degraded. One may visualize 
the possibility of a sim ultaneous absorption of two quanta, one by each 
of the rings in a dinucleotide; if during this process, there is a transfer 
of energy from  one ring to another (and such a transfer has actually been 
dem onstrated for a molecule such as DPNH which is analogous to a di- 
nucleotide (Weber, 1958)), th e  additional energy concentrated in one of the 
rings m ay be sufficient to provoke ring rup tu re  instead of form ation of 
an excited sta te  capable of uptake of a w ater molecule.

If, as postulated, the 50%) of the uracil rings which first undergo 
reaction comprise m ainly one of the rings in each dinucleotide molecule, 
the reaction course for the rem aining 50%) should then be sim ilar to that 
for Up and pUp. Such, in fact, does appear to be the case; the reaction 
order for the rem aining 50% is the same as that for a sim ilar concen
tration of Up, while the quantum  yield is also approxim ately the same 
(actually somewhat lower). Some m inor differences in behaviour could 
logically be expected since each ring is still linked to a hydroxyhydro- 
uracil ring which m ay modify its behaviour, but to a considerably lesser 
ex ten t than an adjacent arom atic ring.

Such intram olecular interaction appears to be the only cause for the 
rapid decrease in quantum  yield, as compared to Up, during the course 
of the reaction in view of the lack of dependence of reaction rate on con
centration in the range 5X10 _(i to 5 X1 0 ^  m . Photosensitized induction 
o f the  reverse reaction by energy transfer is also a possibility and this, 
if it occurs at all, would be considerably more efficient intram olecularly 
and could explain the lower quantum  yields observed as compared to Up.

The reaction of the first of the two rings in each molecule corresponds 
to a reaction order of about 2.5 by the difference method, or about twice 
tha t for the second ring. It is therefore of some in terest that, if the 
reaction is conducted in heavy w ater, an isotope effect is observed only 
when the second ring in each molecule is reacting. An analogous behaviour
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prevails for the course of TR. The question therefore arises, w hether the 
reversible reaction observed involves addition of a w ater molecule to the 
pyrim idine ring; w hether, even where this is so, some additional reaction 
is the rate-determ ining step, or w hether some other process is involved 
leading to saturation of the 5,6 double bonds, which is the experim ental 
criterion used for following the reaction (on th e  assum ption th a t simple 
ring rup tu re  is not involved).

Higher oligonucleotides: The behaviour of the  higher polymers of Up 
(irrespective of chain length or the presence of 2', 5' internucleotide link
ages in place of 3', 5') under the  influence of irradiation differs only in 
m inor respects from  that for dinucleotides insofar as the forw ard reaction 
is concerned, in tha t the  slope of the initial portion of the curve is lower. 
It would therefore appear reasonable to assume that, irrespective of chain 
length, the behaviour of any one of the uracil rings initially  reacting is 
determ ined largely by the presence of a neighbouring ring.

The only real, significant, difference in behaviour is in the reverse
reaction, involving a gradual decrease in TR  w ith  increase in  chain length
to about 55% for highly polymerized poly-U. Bearing in mind, however, 
tha t the num ber of pairs of adjacent arom atic rings increases w ith  chain 
length, this phenomenon is readily understandable in  the light of the 
results for di-uridylic acid.

It rem ains to be established w hat has happened to those residues which 
do not exhibit TR. Beukers, Ylstra & Berends (1958), on the basis of some 
experim ents on the photolysis of nucleic acid derivatives in frozen solution, 
suggest that bound w ater in a highly polymerized chain such as DNA 
m ay m arkedly alter the course of the reaction for the individual bases. 
If such is indeed the case it does not, on the o ther hand, explain the
absence of 100% reversibility  for UpUp.

Non-reversible photolysis: An adequate understanding of the natu re  
of the non-reversible reaction undergone by the one-half of th e  50% of 
the uracil rings initially reacting in an oligonucleotide is obviously of 
prim ary im portance for an interpretation of the  general m echanism  
involved. In effect, the radiation doses used in  these experim ents w ere 
such that degradation of the reversible photoproducts of Up would not 
be expected. Hence, e ither the influence of an adjacent ring results in 
some of the residues undergoing irreversible photolysis or some other 
processes are involved (see above). Clearly, the most effective procedure 
for elucidation of this question would be hydrolysis of an irrad iated  oligo
nucleotide to mononucleotides, followed by chemical and physico-chemical 
analysis of the latter. This may not be an easy problem  since th e  de
gradation procedure to mononucleotides m ay irreversib ly  modify the na
ture of the initial photoproducts.

3 3 0
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One attem pt has, however, been made to attack this problem  in the 
following m anner. We have observed that poly-U m ay be completely 
hydrogenated on a rhodium  catalyst (Cohn- & Doherty, 1956) and that, 
following hydrogenation, the resulting polymer is degraded by ribo- 
nuclease, presum ably to monomers of dihydrouridylic acid (Janion 
& Shugar, unpublished). A solution of poly-U was therefore irradiated 
until about 75% of the uracil rings had undergone photolysis. The 
photoproduct was then subm itted to the action of ribonuclease overnight, 
following which TR  was attem pted. The results, however, were identical 
w ith those obtained for TR  of the photoproduct im m ediately following 
irradiation. Exposure of the photoproduct to 1 n-HC1, which m ight also 
be expected to  hydrolyze the polynucleotide to monomers, likewise 
resulted in no greater degree of reversibility than TR  of the photoproduct 
directly. W hile these results are not by any means conclusive, they do 
lend weight to the argum ent that the reaction undergone by those rings 
which do not subsequently revert to uracil involves more than a simple 
uptake of a w ater molecule a t the 5,6 double bond.

Biological photoreactivation. Earlier experiments dem onstrating partial 
reversibility of photolysis in polynucleotides involved the use of RNA 
and APA. Any argum ents that m ight have been raised against the  validity 
of these findings, on the grounds that hyperchrom icity was not adequately 
accounted' for, are now effectively disposed of by the  results for uridylic 
oligonucleotides. It is even of some significance that the m axim um  degree 
of TR  previously observed for polynucleotides from natu ral sources (of 
the order of 50%) is almost identical w ith that prevailing for highly 
polymerized poly-U.

The existence of TR  for photolysed RNA and APA led to the suggestion 
that reversible photolysis of pyrim idine nucleotides provides an experi
mental model to account for biological PR. Supporting evidence for such 
an hypothesis has since been forthcoming from the demonstrations of 
biological PR  in isolated nucleic acid preparations such as transform ing 
DNA (Rupert et al., 1958) and infectious RNA from TMV (Bawde-n & Klecz
kowski, 1959).

The results for oligonucleotides of Up further substantiate this hypo
thesis, if we consider TR  and PR  to represent m erely different forms of 
energy for the photoreactivating process. Of the various agents which 
have been found to be effective in the  reversal of the effects of irradiation, 
it  has been pointed out tha t TR  is the one which most closely resembles PR  
(Jagger, 1958).

It would obviously be desirable now to exam ine the behaviour of 
dinucleotides of Up and Cp in which the second nucleotide residue is 
either Ap or Gp. A clarification of the behaviour of the individual pyri-
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midine nucleotides in polynucleotide chains is now a possibility, and the 
information so gained m ight be expected to  lead to a localization of the
sites of action of irradiation in nucleic acids.

SUMMARY

A study has been made of the kinetics of reversible photolysis at
2537 A of a num ber of uracil derivatives, w ith particular emphasis on
1,3-dimethyluracil and uridine-2/(3/)-pbosphate, and on oligo- and poly
nucleotides of Up.

For dim ethyluracil and uridylic acid the kinetics of the photolytic 
reaction are m arkedly concentration dependent, a finding which is dif
ficult to in terpret in view of the fact tha t for both of them  (as well as 
the other uracil monomers investigated) the photoproducts m ay be com
pletely regenerated to the original compound in the “dark” by acidification 
or by heating at neutral pH.

The kinetics of photolysis of di-uridylic acid, and the degree of 
reversibility as a function of the num ber of Up residues which underw ent 
photolysis, suggest th a t one of the two Up residues first reacts pre
ferentially  and that only one half of these form  reversible photoproducts. 
The photoproduct formed by the second ring in the  dinucleotide reverts 
completely to Up in the dark. The total degree of reversibility  for the 
dinucleotide, following extensive photolysis, may therefore a tta in  about 
75%. The same behaviour is exhibited by UpU, U]3Up! and by UpUp 
w ith a 2',5' internucleotide linkage.

The results for UpUp assist in the in terpretation of the  photochemical 
behaviour of higher oligonucleotides. The degree of reversibility  decreases 
w ith increasing chain length until, for highly polymerized poly-U, it is 
about 50—55%.

The overall results substantiate previous findings to the effect that the 
photolysis of pyrim idine nucleotides in nucleic acids is partially  reversible 
and provide an experim ental model for biological photoreactivation.
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Addendum: Since submission of the  above text, a paper has appeared 
(F. Millich & G. Oster, J. Am. Chem. Soc., 81, 1357, 1959) on the 
photoreductioni of acridine dyes, in which it was found tha t the photo
chemical behaviour of 3,6-diaminoacridine w ith respect to concentration 
resembles that reported here for uracil monomers. The quantum  yield 
for diam inoacridine increases 10-fold w ith increase in  concentration from 
1 0  6 to 1 0 ~ 5 m; the dye also exhibits strong self-quenching of fluorescence 
in this same low concentration range. These facts were in terpreted  as 
indicating a transition of an electronically excited single-state species to 
a long-lived state, induced by the dye molecules in the  ground state. 
Although we have no direct evidence for the  existence of long-lived 
excited states for uracil monomers, the results of the above authors 
support our contention that the initial excited sta te  m ay undergo an 
induced transition to a m etastable state  which can m ore readily take up 
a w ater molecule.
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B A D A N IA  N A D  O D W R A C A L N O ŚC IĄ  FO T O L IZ Y  K W ASÓ W  

O LIG O - I P O L IU R Y D Y L O W Y C H

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

Zbadano kinetykę odwracalnej fotochemicznej przem iany (2537 A) sze
regu pochodnych uracylu, przede wszystkim  1,3-dwumetylouracylu. 
2'(3')-monofosforanu urydyny oraz oligo- i polinukleotydów Up.

Stwierdzono znaczny wpływ stężenia roztw oru na kinetykę przemiany 
fotochemicznej 1,3-dwum etylouracylu i kwasu urydylowego. Fakt ten jest 
trudny  do interpretacji w świetle pełnej odwracalności badanej przemiany 
obu związków (jak i innych badanych monomerów uracylu). Fotoprodukt 
daje się ilościowo przeprowadzić w  wyjściowy związek w  wyniku zakwa
szenia lub ogrzania obojętnego roztworu.

K inetyka fotochemicznej reakcji kwasu dwu-urydylowego oraz cha
rak te r zależności pomiędzy odwracalnością reakcji a stopniem  przereago- 
w ania (licząc na reszty urydylowe) sugeruje, że przem ianie ulega przede 
wszystkim  jeden z dwu pierścieni uracylowych i tylko połowa z nich 
tw orzy odwracalny fotoprodukt. Fotoprodukt utworzony przez drugi 
z kolei pierścień w  cząsteczce dw unukleotydu w  w yniku ciemnej reakcji 
odtwarza ilościowo resztę kwasu urydylowego. Jeżeli więc przemiana 
fotochemiczna została doprowadzona wystarczająco daleko, wówczas jej 
odwracalność może osiągnąć około 75%. UpU, UpUp! oraz UpUp z 2' 5' 
m iędzynukleotydowym i wiązaniami zachowują się w  pełni analogicznie 
do kwasu dwuurydylowego.

W yniki dla UpUp stanowią podstawę do interpretacji fotochemicznego 
zachowania się wyższych oligonukleotydów. Stopień odwracalności prze
m iany fotochemicznej oligonukleotydów m aleje wraz ze w zrostem  długości 
łańcucha polinukleotydowego. Dla wysokospolimeryzowanego poli-U spada 
on do wartości około 50—55%.

Całość wyników- potwierdza wcześniejsze wnioski o częściowej odwra
calności fotochemicznej przem iany nukleotydów pirym idynow ych w  kwa
sach nukleinowych. Odwracalna przem iana fotochemiczna oligonukleoty
dów może więc stanowić model biologicznej fotoreaktywacji.

O trzym ano 18.5.1959 r.
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NUCLEOTIDE CO-ENZYMES

Knowledge of the biological significance of a num ber of nucleoside 
derivatives of pyrophosphoric acid — collectively known somewhat 
loosely as nucleotide co-enzymes, has expanded rapidly over the past 
decade. The biochem istry of such compounds is now quite extensive and 
has been reviewed recently by Baddiley and Buchanan [3]; at the same 
tim e the organic chem istry of pyrophosphate esters has been developed, 
largely by the Cambridge School under the direction of Sir Alexan
der Todd, so that a num ber of methods are now available w hereby vir
tually  any known nucleotide co-enzyme or analogue, m ay be synthesised 
by purely  chemical means.

The first synthesis of a nucleotide co-enzyme, that of adenosine-5' pyro
phosphate by Baddiley and Todd in 1947 [8], employed the classical method 
of preparing mixed anhydrides — treatm ent of the salt of an acid w ith 
an acid chloride. T reatm ent of the silver salt of adenosine-5' benzyl phos
phate w ith  dibenzyl phosphorochloridate gave the fully esterified adeno
sine-5' tribenzyl pyrophosphate from which benzyl groups were readily 
rem oved by catalytic hydrogenolysis, to give adenosine-5' pyrophosphate 
in 55% yield [7].

Repetition of this method, m aking use of a quaternisation procedure 
developed by Baddiley, Clarke, Michalski and Todd [6], to remove one
6 [335]
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benzyl group from the fully esterified pyrophosphate, yielded adenosine-5' 
triphosphate (ATP) [7]. In an a lternate  synthesis adenosine-5 'triphosphate 
was obtained, presum ably via  a 5'-cyclic trim etaphosphate in term ediate, 
on treating adenosine-5' phosphate directly w ith excess dibenzyl phos- 
phorochloridate followed by hydrogenolysis [77a].

Since this early work, the introduction of a num ber of techniques has 
greatly facilitated the developm ent of newer and more convenient methods 
of synthesis. Nevertheless, in spite of considerable inherent disadvantages, 
the classical approach has had a fair degree of success, particularly  when 
Kenner, Todd and co-workers developed the use of O-benzyl-phosphorous 
di-O -phenyl phosphoric anhydride as a mixed anhydride reagent for pre
paring nucleoside benzyl phosphites [28].

A. M . M IC H E L SO N
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Like the  model compound dibenzyl phosphite, these derivatives could 
be oxidised readily to the phosphorochloridate by the  action of N-chloro- 
succinimide, to give extrem ely useful interm ediates. All practical variations 
of the classical m ethod have now been employed. Examples are the syn
thesis of uridine-5' pyrophosphate [45] (R1 =  R3 =  R4 =  benzyl, R2 =
=  nucleoside), of thym idine-5 ' pyrophosphate [36] (R1 =  R3 =  benzyl,
R2 =  nucleoside, R4 =  H) and of adenosine-5' pyrophosphate [69] (R1 —  
— R2 =  benzyl, R3 =  nucleoside, R4 =  H), protecting groups being 
removed by  hydrogenolysis.

R'O  °  °  O R3 R'O ?  ?  O R 3\  H II /  \  Il II /
/ > P —C l + H O —P<^ — / p ~  O—  p \

R :0  OR* R 20  O R 4
Of greater in terest however was the application to the synthesis of 

flavin adenine dinucleotide, the co-enzyme of a variety  of flavoproteins 
active in hydrogen transport in biological systems. A part from  the usual 
technical difficulties, the problem was fu rther complicated in this case by 
the presence of a hydroxyl group which could be attacked by the pyro
phosphate (a mixed anhydride) to give riboflavin 4', 5' cyclic phosphate 
as indeed occurs when FAD is treated w ith aqueous amm onia [31]. Never
theless, Christie, K enner and Todd were able to prepare FAD by treating  
the monothallous salt of riboflavin-5' phosphate w ith 2', 3' isopropylidene 
adenosine-5' benzyl phosphorochloridate in phenol solution [26]. Phenol 
débenzylation, followed by mild acid treatm ent to remove the isopropyli
dene residue, gave a complex m ixture containing some 6°/o of the co- 
-enzyme from  which pure FAD was isolated by chrom atographic methods.

Since uridine-diphosphate-glucose (UDPG), first discovered by Leloir 
and his collaborators in 1949 as co-enzyme for the conversion of a-D-ga- 
lactose 1-phosphate into a-D-glucose 1-phosphate in galactose adapted 
yeast [18], is even more unstable than FAD, it was clear tha t if the phos
phorochloridate route were to be used, the isopropylidene group would 
be unsuitable for protection, because of the acidic conditions necessary 
for its removal. Benzyl groups were therefore used since their removal 
by hydrogenolysis would be unlikely to disrupt the  co-enzyme molecule.

337
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Solubility difficulties on the part of the a-D-glucose-1-phosphate moiety 
were circum vented by use of salts w ith long chain amines. Benzylation of 
5 '-0 -trity lu rid ine  followed by removal of the trity l group gave 
2', 3 '-00-d ibenzylurid ine which w ith  O-benzylphosphorus OO-diphenyl- 
phosphoric anhydride, yielded 2', 3 '-00-d ibenzylurid ine-5 ' benzyl phos
phite, converted in the usual w ay to the phosphorochloridate w ith 
N-chlorosuccinimide. Reaction w ith  a-D-glucose l-(tri-n-octylam ine hy 
drogen phosphate) in benzene solution in the  presence of tri-n-butylam ine 
gave a product from  which the pyrophosphate benzyl and ether benzyls 
were removed by catalytic hydrogenolysis to give UDPG in some 15% 
yield [77]). In a sim ilar fashion, the  first synthesis of uridine-diphos- 
phate-galactose was achieved [77].

Since this approach was of lim ited general application, each co-enzyme 
presenting a set of problems peculiar to its synthesis, more effective, if 
less elegant, methods were sought. The use of carbodiimides, particularly  
dicyclohexyl carbodiimide, for pyrophosphate form ation from phosphoric 
acid and its derivatives introduced a type of reagent w ith m any of the 
virtues so clearly necessary [47]. Thus the reagent m entioned acts pre
ferentially  w ith acidic groups to form  acid anhydrides, ra ther than w ith 
alcoholic hydroxyls, elim inating the necessity for protecting groups; it 
is also readily available and quite stable.

Some disadvantages are still re ta in e d l), bu t a num ber of 
sym m etrical and unsym m etrical pyrophosphates have been prepared by 
means of this reagent. W hile for the  synthesis of certain co-enzymes the 
carbodiimide approach has failed, dicyclohexyl carbodiimide has proved 
strikingly successful for the synthesis of co-enzymes I and II by Hughes, 
K enner and Todd [41], and for such new er co-enzymes as cytidine diphos-

9  In d ica ted  perhaps by  th e  nu m erou s p u b lica tio n s d escr ib in g  m o d ifica tio n s  of 
th e  m eth od  as app lied  to th e  r e la tiv e ly  sim p le  sy n th eses o f n u cleo sid e  pyrop h osp h ates  
and tr ip h o sp h a tes and  o f n u cleo sid e  c y c lic  ph osp hates.

A. M . M IC H E L SO N
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phate choline [43], cytidine diphosphate glycerol [5] and cytidine di
phosphate ribitol [4], as well as a m ultitude of acyl adenylates (anhydrides 
of adenosine-5' phosphate) [81]. Normally however, complex m ixtures are 
obtained containing all possibilities of anhydride form ation from  the 
m ixture of acids used. In the case of a m ixture of nicotinamide N-D-ribo- 
furanoside-5' phosphate and adenosine-5' phosphate w ith dicyclohexyl- 
carbodiimide in dimethylform amide solution, the reaction product con
tained cozymase (Co-enzyme I) as the major component, w ith  ra ther less 
di(adenosine-5') pyrophosphate, and very little of the di-(nicotinamide 
nucleoside-5') pyrophosphate. Ion exchange chrom atography gave crude 
cozymase containing largely the /S fx~m, together w ith some of the a. 
The /5 form was reduced in a yeast alconol -dehydrogenase system  to the 
alkali-stable dihydro form, and the  unchanged labile quaternary  a isomer 
destroyed w ith alkali, followed by reoxidation to give the pure # form 
of cozymase identical w ith the natural co-enzyme. A sim ilar process, 
replacing adenosine-5' phosphate w ith a m ixture of adenosine-2', 5' and 
-3', 5' diphosphates gave co-enzyme II of some 15% purity.

Several reagents similar to carbodiimides have been developed, among 
which may be mentioned imidoyl phosphates [2], ketenim ines [24], 
cyanamide and dialkylcyanamides [44] .These show a varying performance 
against dicyclohexylcarbodiimide as standard, to some extent depending 
on the substrates used. Thus cytidine-5' pyrophosphate was prepared in 
good yield by heating cytidine-5' phosphate and phosphoric acid with
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dim ethylcyanam ide in aqueous dim ethylform am ide [44]. However, until 
a reagent of this type is found, w hereby it is possible to segregate the 
first step — form ation of a y  -urea phosphate

R - N H — C = N R

| /O H
O—P

II \
O OR

from  the secondary reaction w ith phosphate anions, a specific method 
has still to be devised for the preparation of unsym m etrical pyrophosphates 
directly from the phosphate esters.

r 2n  —  c  =  n h  r 2n c o n h 2
R'O o o O R 2

R. N  — C =  N  -> I OH —►
/  _i ° ~ P \

°  ~  HO OH

O O R 1
A third approach to the pyrophosphate bond has involved the use of 

phosphoramidates. Monoesters of phosphoramidic acids
RO o

\ v / /
/ P\

HO N H ,
react w ith phosphates to give pyrophosphate derivatives under relatively 
mild conditions. Thus Todd and co-workers prepared ADP in good yield 
by treatm ent of AMP w ith  benzyl phosphoram idate followed by hydro- 
genolysis of the product [27], while a sim ilar approach by Chambers and
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co-workers using the nucleoside phosphoramidate (from AMP, NH3 and 
dicyclohexylcarbodiimide) and benzyl phosphoric acid likewise gave 
ADP [22].

Application to the synthesis of UDPG and FAD was equally successful 
[80], while the synthesis of co-enzyme A using essentially the same 
method, has been reported recently [46].

O
U — O - p - N l b  +■ Glucose OC-D -  1 -  Phosphaie — ►UDPG  

<XXf
o

A -O -P -N H .,  +- Riboflavin -  5 - P h o sp h a te  ►FAD

¿r x +

■o -o

CH — CH — GH—CH — CH2 -  O —P -  OH 
I I I

M. . N OH O

CH - c h c h - c h - c h 2- o - p - o h
. . .  I l l  I

OH morpholme N N O O N.
S  \  \  /

0 =  P — OH 
I
OH

NH,

-O

C„Hn -  N = C *N -C tH,

OH

P^<
ll
O

OH

D -p an teth in e  -  4-phosphate
CH -  CH -  CH -  CH - C H 2 - O  -  P = O 
i l l  I

N OH O O

€  Y  \  0 = P - O H  HO — P =  0

OH O
!\H 1

CH2

h s  c h 2 c h 2 n h -c -c h , c h 2 n h  C - C H - C - C H ,H I I I
O O OH CH3

The biological functions of these nucleoside-5' pyrophosphate deriv
atives are too num erous and varied to be reviewed here. However, as has 
been pointed out m any times by Sir Alexander Todd [102], the naturally  
occurring compounds have one significant feature in common — they are 
all unsym m etrical esters of pyrophosphoric acid, i. e. they  are mixed 
anhydrides. I would like to suggest that it is now more convenient to 
in terpret the  properties of these compounds not in term s of the “energy 
rich bond” [61] concep t2), but rather in the light of the known behaviour 
of esterified anhydrides of phosphoric acid w ith  regard to exchange

O

2) A  w e ll reasoned  cr itic ism  o f th is concep t w a s p u b lish ed  som e years ago by  
G illesp ie . M aw  and V ern on (N a tu re  1953, 171, 1147).
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reactions and as acylating agents. The work of the Cambridge School has 
shown that esterified pyrophosphates are powerful phosphorylating agents 
for alcohols and amines and also for acids, i. e. they readily undergo ex
change reactions w ith anions [25, 65]. W ith unsym m etrically substituted 
anhydrides, in general the weaker acid acylates, producing esters (from 
alcohols) or new anhydrides (from anions). A chemical example of phos
phorylation by such methods is the synthesis of guanosine-5' phosphate 
using te tra  p-nitrophenyl pyrophosphate [23], while a good instance of 
anion exchange (in that quantitative yields are obtained) is the form ation 
of P 1 uridine-5 ' P 2 diphenyl pyrophosphate from  uridine-5 ' phosphate and 
tetraphenylpyrophosphate [69].

In this case, the ionic nature of the  triester diminishes the ease of attack 
by nucleophilic reagents, so that fu rther exchange to liberate the m ore 
stable anion (i. e. that of the stronger acid) w ith  form ation of P 1 P 2 
di(uridine-5') pyrophosphate, does not occur. W ith fully  esterified deriv
atives the second exchange takes place more readily. Thus tetraphenyl 
pyrophosphate reacts w ith  dibenzyl phosphoric acid (a w eaker acid) to 
produce P 1 diphenyl P 2 dibenzyl pyrophosphate which then undergoes 
fu rther nucleophilic displacem ent by the dibenzyl phosphate anion to give 
tetrabenzyl pyrophosphate [65] (see top of next page).
The position of equilibrium  in any exchange reaction will of course depend 
to  a large ex ten t on the relative nucleophilic characteristics of the anions 
concerned as well as environm ental conditions (such as pH, which would 
have pronounced effect over the range pH 6-8 covering the secondary 
phosphoryl dissociation), while w ith a triphosphate A -PPP-B  (where A is
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o O o 0 O o
" * . . .  I' Il II H

Ph O —P - O - P - 0  Ph +  O - P - O B z  —*■ Ph O - P - O - P - O B z  +  ^ O - P - O P h

O

OPh OPh OBz OPh OBz OPh

O O 
D II 

Bz Ô - P - 0 - P - O B z

OBz OBz

Bz = C()H5 • CH;

a nucleoside and B either hydrogen or an alkyl group) exchange can occur 
at two loci, i .e . A-P-j-PP-B or A-PP-j-P-B. Since pyrophosphates are 
stronger acids than phosphates, this greatly increases the range of ex
change and acylation reactions possible w ith the sim pler anhydrides 
A-PP-B (where B is e ither hydrogen or an alkyl group). Thus in the 
simplest instance, hydrolysis of ATP to ADP in the presence of H2lsO 
should give inorganic phosphate containing 180  and ADP free of 180 , i. e.

while hydrolysis to AMP and inorganic pyrophosphate should proceed to 
yield lsO in the nucleotide only, i. e.

To some exten t the point of fission will be controlled by the presence 
or absence of m etal chelation w ith the enzyme; ligand form ation would 
presum ably tend to favour mononucleotide donation ra ther than phospho
rylation, an extrem e case being the polymerisation of nucleoside-5' pyro
phosphates. (The stability  of divalent metal complexes is in the  order 
triphosphate >  pyrophosphate !> monophosphate). On this basis one would 
not expect the biochemical synthesis of ribose-5 phosphate-a-1-pyrophos- 
phate to proceed by the postulated [46a] mechanism of pyrophosphory-
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lation of the sugar hydroxyl at Cl (that is nucleophilic a ttack  at a pho
sphorus atom) but rather by nucleophilic attack at the sugar carbon with  
inversion, i. e. the substrate  is ^-D-ribose-5 phosphate and not the 
a anomer. In this case lsO would appear in the  resu ltan t adenosine-5'
phosphate. Another type of a ttack  may be involved in the enzymic syn
thesis of glycogen [60a] and of “active m ethionine” [17a].

Biochemical examples of the type of reaction discussed above are 
legion and include the enzymic syntheses summ arised in the following 
expressions:
A -P P P  +  B -P  ■*—r A -P P -B  +  P P  S y n th esis  o f  F A D , Co I, U D PG  and

C D P g ly cero l [91, 48, -103, 93]
A -P P P  +  B -P  '—r B -P P + A -P P  N u cleo sid e  m o n o p h osp h ok in ases [39]
A -P P P + B -P P -'—r B -P P P  +  A -P P  N u cleo sid e  d ip h o sp h o k in a ses [14]
A -P P -B  +  C -P  t A -P P -C  +  B -P  U rid y l tran sfera se  (U D PG  ^ G alP  -—r

U G P G al +  G P) [60]
A -P P P  +  A m in o  acid-1—r A -P -A m i no

acid  +  P P  A cy l am ino  a d en y la te s  [13]
A -P P P  +  B — » B -P  +  A xPP P h o sp h o k in a ses [17]
A -P P P  +  R N A — > R N A -P -A  +  P P  End group incorp oration  [lilO]
n (A -P P P )-—» (A -P )n + n  P P  D N A  sy n th esis  [49]
n A -P P -1—t (A -P )n  +  n P P  P o ly n u c leo tid e  p h o sp h ory lases [38]

The last examples, acylation w ith mixed anhydrides (analogous to the 
chemical polymerisation of ribonucleoside-2', 3' cyclic phosphates) [70] 
are  essentially “anhydrous” reactions in aqueous solution, tha t is, they 
involve nucleophilic attack by hydroxyl groups. It would seem that 
a m ajor function of the enzyme is to position the substrates so tha t the 
pyrophosphate moiety is closer to a sugar hydroxyl than  to molecules 
of water. That such stereochem ical considerations can play an im portant 
part in apparent reactiv ity  is shown by comparison of the  m ixed anhyd
rides obtained by treating uridine-5' phosphate and uridine-3 ' phosphate
w ith ethyl chloroform ate — the form er is relatively stable, while the 
la tte r has only a transient existence, being converted to uridine-2', 3' 
cyclic phosphate, even in aqueous solution [74]. Similar exam ples are the 
breakdown of UDPG [85] and FAD [31] to give glucose 1,2 cyclic phos
phate and riboflavin 4', 5' cyclic phosphate, respectively.

34 4  A - M - MICHELSON [10]

POLYNUCLEOTIDES

While the development of chemical methods for the synthesis of poly
peptides has been vigorously pursued since Fischer’s w ork a t the tu rn  of 
the century, the corresponding problems connected w ith the synthesis 
of nucleic acids, first isolated by Miescher in 1869 [78] received little 
attention until lately and it was not until 1955 tha t the first compound 
containing a true internucleotide linkage was prepared by Michelson and
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Todd Treatm ent of 3 '-0-acetylthym idm e w ith ô '-O-acetylthym idine-S' 
benzyl phosphorochloridate gave a fully protected dinucleoside phosphate 
from which the benzyl group was removed by catalytic hydrogenolysis 
and the acetyl groups by treatm ent w ith mild alkali, to yield dithym i
dine: 3'.5': phosphate [76]. An analogous procedure using thym idine-3' 
benzyl phosçhorochloridate-5' dibenzyl phosphate to phosphorylate 
3 '-0-acetylthym idine gave the  dinucleotide dithym idine 5': 3',5': bis phos
phate, isolated as the crystalline calcium salt [76], while extension to the 
riboside series gave adenosine 2' uridine 5' phosphate from  3 ',5 '-d i-0-acetyl- 
adenosine-2' benzyl phosphorochloridate and 2',3/-d i-0-acetylurid ine, 
followed by removal of protecting groups [75],

I i OBz
C H - CH2- C H - C H - C H ,0 -

o -  p;OB'

R -C H -C H 2CH OAc -C H -C H ,/o
—/  OBz

O
I ° ~ ~ A  9/OBz

r - c h - c h 2- c h - c h - c h 2 o  p .

OBz

Although this classical approach demonstrated the feasibility of syn
thesis of polynucleotides, it was clear for a num ber of reasons that any 
extended synthesis — say of a tetranucleotide — would require alternative 
sim pler and more effective methods. The polymerisation of glycero- 
phosphoric acid to polyglycerophosphoric acid, possibly the simplest 
analogue of ribonucleic acid, was therefore examined, using a mixed 
anhydride interm ediate [68]. Treatm ent of glycerol 1 (or 2) phosphate 
w ith tetraphenyl pyrophosphate (or diphenyl phosphorochloridate) gave 
glycerol 1,2 cyclic phosphate via the initially formed P 1 glycerol-1 (or 2) 
P- diphenyl pyrophosphate. Addition of more diphenyl phosphorochloridate 
(or tetraphenyl pyrophosphate) then caused rapid polym erisation to poly-

:i) T ener and co-w ork ers (J. Auner. C hem . Soc., 196®, 80, 62123) h a v e  recen tly  
describ ed  th e  sy n th esis  in  lo w  y ie ld  o f sm all p o ly th y m id y lic  ac id s by m eth ods  
p resu m ab ly  in v o lv in g  n u cleo sid e  m etap hosph ate  in term ed ia tes (Todd, Proc. Nat.  
A ca d .  Sci. U. S. 1959. Sept.).

O
R -C H -C H 2 CH OH - C H -C H 2 

O
/

q / P ^O H

I ° ^ i  ?  OH
r - c h c h , c h - c h c h 2- o - p <

OH
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glycerophosphoric acid, presum ably via a second unsym m etrical pyro
phosphate, P 1 glyoerol-1,2 cyclic P 2 diphenyl pyrophosphate.

The final cleavage of one of the bonds of the phosphate triester to form 
the diester can occur in three ways, leading to 1 : 3 interglycerophosphate 
linkages, 2 : 3 linkages or degradation of the polymer; in practice the de- 
gradative process would seem to be slight. A lthough prepared prim arily 
as a model compound, the polyglycerophosphate proved im m ediately useful 
for comparison of its immuno-chemical properties and infra red spectrum  
w ith those of a natu rally  occurring polyglycerophosphate isolated from  
Streptococci by Dr. M. M cCarty of the Rockefeller Institu te for Medical 
Research, New York [66].

The method was then applied to the polym erisation of the readily 
available nucleoside-2/ and-3' phosphates, w ith considerable success [73]. 
T reatm ent of yeast adenylic acid w ith e ither tetraphenyl pyrophosphate 
or diphenyl phosphorochloridate gave first the  nucleoside-2', 3' cyclic 
phosphate, and then quantitative polymerisation to polyadenylic acids 
of various chain lengths ranging from  dinucleotide to approxim ately 
icosanucleotide. In a sim ilar fashion polyguanylic, polyuridylic and poly- 
pseudouridylic acids were prepared. In the case of cytidylic acid, polymer 
m aterial was also formed. However chemical, enzymic and spectroscopic 
exam ination showed that this “stable” polycytidylic acid did not have 
phosphate linkages analogous to those in the natural nucleic acids (i. e. 
betw een a secondary sugar hydroxyl of one nucleoside and the  prim ary 
hydroxyl of another) but probably between the 2' and 3' hydroxyls and the 
6 amino group of the cytosine moiety [74]. Cytidine-2', 3' cyclic phosphate 
was therefore selectively acetylated at the 6 amino group and th e  resultant 
N6 acetyl derivative polymerised in the usual way, followed by very mild 
alkaline treatm ent (pH 9.6) to rem ove acetyl groups from the polymer.

U nder the polymerisation conditions generally used, about 20°/o of the 
crude product dialysed against w ater, leaving a residue w ith  an average 
chain length of 5—6 nucleotides. F u rther dialysis against 2 m- sodium

CH2 • OH CH2- O t H o h c h 2- o
> P - O H v

CH • O -PO (O H );

CH2 • OH

i C H ' O II 
I O

x
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chloride gave a final dialysis residue (35—40% of the  original m ixture) 
w ith  an average molecular weight of 3500 to 4500. W hile the average 
chain  length of this fraction was 10— 12, the m olecular species varied 
from  polymers approxim ately 6 units long, to those w ith up to about 20 
nucleotides. Variation of solvent and reaction conditions could possibly give 
m aterial of higher molecular weight as could substitution of say te tra  p-ni- 
trophenyl pyrophosphate for the tetraphenyl pyrophosphate used. Under 
suitably dilute conditions, products containing relatively large amounts 
of small oligonucleotides were obtained. These were shown to be a homo
logous series of polynucleotides ending w ith a 2', 3' cyclic phosphate [73]. 
A part from homopolymers of the five m ajor ribonucleotides, several 
co-polymers of the various nucleotides were prepared, including a co- 
-polym er of all the nucleotides — a synthetic “ribonucleic acid” sim ilar 
in m any respects to nucleic acids isolated from yeast. Polym erisation of 
m ixtures of adenylic and uridylic acids in various proportions gave the 
m ixed polynucleotides, w ith a more or less random distribution of adenine 
and uracil, while partial polymerisation of adenylic and uridylic acids 
separately (to an average chain length ~  3) followed by copolymerisation 
of the  m ixture of oligonucleotides, gave polynucleotides w ith  tracts of 
purines and pyrimidines [73]. Yet a th ird  form  of adenylic-uridylic co- 
-polym er was obtained by polymerising the dinucleotide adenosine uri
dine: 3', 5': 3' bisphosphate, to give polynucleotides w ith a defined arrange
m ent of alternate adenylic and uridylic acids [74].

Similar polymerisation of GS'PS'CS'P and of AS'PS'AS'PS'CS'P (in these 
cases the 6 amino group of cytosine had to be first protected by acetyla-

[1 3 ]
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tion) gave the corresponding polymers w ith a defined, repeating order 
of bases.

The synthetic polynucleotides prepared in this fashion were linear 
polymers containing nucleosides combined through 2'-5' and 3'-5' phos- 
phodiester linkages, w ith a term inal 2',3' cyclic phosphate which could 
be opened to the 2'(3') phosphate. Separation of the homologues in a given 
series was obtained by gradient elution from  columns of ECTEOLA 
cellulose ion exchanger, using aqueous lithium  chloride at pH 7.

Since some nucleic acids can be regarded as polynucleoside-5' phos
phates, it was of interest to synthesise oligonucleotides w ith  a term inal 
5' phosphate, that is, to prepare polymers w ith specific head and tail 
residues.

Treatm ent of uridine-2 ' (or 3') : 5' diphosphate w ith  tetraphenyl 
pyrophosphate (or diphenyl phosphorochloridate) yielded P ^ u rid in e  
2', 3'-(cyclic phosphate)5'-P2-diphenyl pyrophosphate which was copoly
merised w ith adenylic acid in the usual way, the uridine derivative 
acting as a chain term inator. Mild alkaline trea tm en t cleaved the 
triesterified pyrophosphate, to give polyadenylic acid ending w ith 
uridine-5' phosphate at one end and adenosine-2'(3') phosphate a t the 
other. Similarly, polym erisation of adenylic acid in the  presence of 
2', 3 '-d i-0-acetyl uridine followed by mild alkaline rem oval of the acetyl 
groups gave polymer w ith a term inal uridine, while polym erisation in 
the presence of both uridine derivatives gave products w ith  term inal 
uridine and uridine-5 ' phosphate units, i.e. a polynucleoside-5' 
phosphate [73].

The next stage was clearly the stepwise synthesis of oligonucleotides 
containing a num ber of d ifferent bases in a defined order. Uridine-2'

A. M. MICHELSON
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(or 3') phosphate was converted to the cyclic phosphate by the  action of 
ethyl chloroformate and base in aqueous solution [74]. The anhydrous 
nucleotide was then fully acetylated and 5 '-0-acetylurid ine-2 ', 3' cyclic 
phosphate treated w ith  diphenyl phosphorochloridate and base in  the 
presence of 2', 3 '-di-0-acetyladenosine. Acylation of the 5' hydroxyl of 
adenosine by the interm ediate P 15/-0 -acety lurid ine-2 /, 3' cyclic P 2 diphenyl 
pyrophosphate gave a good yield of the protected dinucleoside phosphate 
from which the acetyl groups were removed w ith  mild alkali, to give 
a m ixture of uridine-2' adenosine-5' phosphate and uridine-3 ' adenosine-5' 
phosphate. Similar reactions between various nucleotide and nucleoside 
derivatives gave a num ber of dinucleoside phosphates, isomeric pairs of 
which could be separated by ion exchange chrom atography. Approxi
m ately 50% of the m aterial in each case was 3'-5' linked, the rem ainder 
being 2'-5' [74],

For the synthesis of trinucleoside diphosphates, advantage was taken 
of the greatly disparate reactivities of the prim ary and secondary 
hydroxyls of ribonucleosides and their derivatives [72], Treatm ent of 
adenosine-3' uridine-5' phosphate w ith 5 '-0-acetylguanosine-2 ',3 ' cyclic 
phosphate and diphenyl phosphorochloridate, followed by removal of the 
acetyl group, gave GpApU (where p represents a phosphate linkage from 
the 3' (or 2') hydroxyl of the nucleoside on the left, to the 5' hydroxyl 
of that on the right). In sim ilar fashion GpUpA, UpGpA, CpUpA and 
CpApU were prepared from  the appropriate acetylated nucleoside-2', 3' 
cyclic phosphate and dinucleoside phosphate [74].
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Repetition of this process, using an excess of N6, 5 '-0-d iacety lcy ti- 
dine-2', 3' cyclic phosphate on GpApU gave CpGpApU and in like m anner 
CpGpUpA and CpUpGpA were synthesised in good yield from  the 
respective trinucleoside diphosphates [74].

An alternate approach to the stepwise synthesis of oligonucleotides 
w ith a defined order of bases, used acylation of a dinucleoside phosphate 
by a dinucleotide. Guanosine cytidine : 3', 5' : 3' bisphosphate (G3'P5'C3 P) 
was treated  w ith ethyl chloroform ate to give a dinucleotide w ith  a term inal 
2', 3' cyclic phosphate. This was then fully acetylated and the product 
treated  w ith diphenylphosphorochloridate and u rid ine-2 '(3) adenosine-5' 
phosphate. Acetyl groups were removed at pH 9.8 and the resu ltan t 
GpCpUpA isolated as the free acid. Similar reactions of GpCp w ith  ApU 
and of ApUp w ith GpC yielded GpCpApU and ApUpGpC, respectively [74].

While fu rther addition has not been attem pted, partly  for historical 
reasons, extension to the stepwise synthesis of higher oligonucleotides 
would seem to offer few difficulties.

PROPERTIES O F THE SYNTHETIC POLYNUCLEOTIDES

The general properties of the synthetic polymers indicated th a t their 
structure was analogous to that of na tu ra l oligonucleotides w ith the 
exception that some 50% of the linkages w ere 2'-5', the rem ainder 
being 3'-5'.

Chemical. Mild acid treatm ent opened the term inal cyclic phosphate 
to give polynucleotides w ith tail units containing a 2' (or 3') phosphate, 
while more vigorous acid-degradation gave e ither purines and/or 
pyrim idine nucleoside-2' and 3' phosphates, depending on the polymer. 
Aqueous sodium hydroxide caused complete breakdow n to mononucleotide 
(and term inal nucleoside-2' (or 3'), 5' diphosphate or nucleoside, where 
these were present). All of the homo-polymers (and co-polymers) on 
treatm ent w ith protam ine sulphate in aqueous solution gave precipitates 
which were partially  soluble in 2 M-sodium (or lithium ) chloride, re 
precipitation occuring on dilution.

35-0
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Biochemical. P rostatic m onoesterase removed the term inal phosphate 
from  mild acid treated  homopolymers, to  give a homologous series of 
oligonucleotides deficient in phosphate, i. e. (NP)n_,N  where N is 
nucleoside. Rattlesnake (crotalus atrox) venom caused degradation to the 
nucleoside and term inal nucleoside-2' (or 3'), 5' diphosphate. While 
dinucleotides (with a  term inal 2' or 3' phosphate) were quite resistant to 
the m ixture of m onoesterase and diesterase present in the venom, 
trinucleotides were slowly attacked; higher oligonucleotides were more 
rapidly degraded. W hen the polym er lacked a term inal 2' or 3' phosphate 
(e.g. CpUpA) then degradation to nucleoside was very fast.

While polyadenylic and polyguanylic acids were resistant to the action 
of pancreatic ribonuclease, the pyrim idine compounds — polycytidylic, 
polyuridylic and polypseudouridylic acids were broken down to m ixtures 
of nucleoside-3' phosphate and di-, tri-  and tetra-nucleotides containing 
2'-5' linkages exclusively. That polypseudouridylic acid should be attacked, 
is perhaps not surprising, since both the overall shape and relative 
arrangem ent of functional groups (e.g. for hydrogen bonding to the protein) 
a re  m aintained [27a].

In a sim ilar fashion, polyadenylic acid was cleaved by spleen diesterase 
to adenosine-3' phosphate and enzym e-resistant oligonucleotides containing 
2'-5' internucleotide linkages exclusively [73].

Biological. While polyuridylic acid had no action on tissues in culture, 
polyadenylic acid was an effective inhibitor [73]. This m arked difference 
has been previously noted in studies on the effect of purine and 
pyrim idine mononucleotides on tum ours in mice [86].

The synthetic polyguanylic acid has been shown by Dr. D. Shugar and 
Miss H. Tom erska to be highly active in inducing Streptolysin S form ation
7
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in Streptococci, while Dr. L. A. Heppel of the National Institu tes of 
Health, Be'thesda, U. S. A. has found that the synthetic polymers greatly  
stim ulated the enzymic polym erisation of nucleoside-5' pyrophosphates 
by polynucleotide phosphorylase, although, lacking a free 3 '-hydroxyl 
group for estérification, they were not incorporated into the biosynthetic 
polymer, as w ere the normal poly (nucleoside-5' phosphate) prim ers.

Physical. Degradation of ribonucleic acids by alkali, ribonucleases 
and other reagents and of deoxyribonucleic acids on trea tm ent w ith 
deoxyribonucleases or on dénaturation is accompanied by an increase in 
ultraviolet absorption, norm ally measured in the region of 260 m y, the  
absorption maximum for nucleic acids. This hyperchromie effect has been 
observed frequently [51, 84, 83, 52, 104, 63, 62, 99, 100, 64, 40, 33, 34, 79, 89], 
and indeed it may be concluded that all the recorded values of the m olar 
absorptivities (e max.) for in tact nucleic acids are  lower than the 
sum m ation of the absorptivities of the component m ononucleotides [10]. 
Thus Magasanik and Chargaff [63] found a 24—37% increase in absorption 
on total alkaline hydrolysis of a num ber of ribonucleic acid specimens. 
Sim ilar increases have been noted by Holden and P irie [40] and by Reddi 
[89] on treating tobacco mosaic virus nucleic acid w ith  leaf ribonuclease, 
w hich causes much more extensive degradation than pancreatic 
ribonuclease, treatm ent w ith which gave a 15% increase in absorption. 
Since the hyperchromie effect was relatively large in  fragm ents w ith 
a high guanine content, Magasanik and Chargaff [63] suggested tha t it 
m ight be associated particularly  w ith guanylic acid residues. Sim ilar 
generalisations involving guanylic and cytidylic acid residues [79] and 
polypurine segments [89] have been advanced, and occasionally the 
elem entary m athem atics of weight ratios have been disregarded in order 
to make the ribonuclease resistant core account for the m ajor part of the 
increase in ultraviolet absorption on complete degradation of the intact 
ribonucleic acid, even when the core has exhibited a sm aller 
hyperchrom icity than  the nucleic acid from  which it was derived.

The hyperchrom icity of some biosynthetic high m olecular weight 
polynucleotides has also been described [30, 105]. Alkaline hydrolysis of 
polyadenylic acid was accompanied by a 55% increm ent in u ltraviolet 
absorption at the  maximum, while w ith polycytidylic, polyinosinic and 
polyuridylic acids, the increases were 40%, 60% and 5% respectively [105].

In view of the profound importance of the anomalous ultraviolet 
absorption characteristics of nucleic acids in  relation to the fine structure 
of the  macromolecule, the hyperchromie effect on alkaline degradation of 
relatively simple synthetic polynucleotides was studied. The results are 
given in tables 1 and 2, alkaline hyperchrom icity being defined as the 
percentage increase in absorption at the m axim um  on degradation.
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T a b l e  1

Compound Average Chain 
Length

°//O
Alkaline

Hyperchromicity

Poly U 11.9 8.6
Poly U 6.6 6.5
Poly U 3.5 4.8
Poly A 13.6 36.7
Poly A 7.7 31.8
Poly A 3.3 19.6
Adenosine-2'(3') phosphate — o
Diadenylic 15.1
Triadenylic — 22.8
Tetra adenylic — 30.7
Pentaadenylic — 32.9
Poly G 12.5 0
Poly G 5.4 0
Poly G 3.2 0
A2’P5’U — 12.8
A2,(3')P5'T — 12.7
A 3'P5'C 3P (from RNAase digest) 7.2
Poly AU (4.5:1) Random 5.2 21.1
Poly AU (4.5 :)1 Random 11.5 32.0
Poly AU (1.4:1) Random 8.3 13.4
Poly AU (1.4:1) Random 13.1 22.0
Poly A U  (0.8:1) Random 6.8 9.1
Poly AU (3.1:1) Tracts 5.3 22.9
Poly AU (0.12:l)Tracts 4.3 8.5
Poly AG (2.0:1) Random 6.1 19.0
Poly AG (1.9:1) Random 3.3 18.1
Synthetic ”R N A ” 12.5 14.3
Yeast RNA 12.2 12.0
RNAase resistant cores 6.2 10.9
P5'U poly A 11.9 32.0
P5'U poly A 6.7 30.5
P5'U poly A 4.0 23.1
P5'U poly U 5.4 7.8
P5'U poly U 3.4 7.7
Dicytidylic — 8.7
Tricytidylic — 13.9
Tetracytidylic — 15.3
C2'P5'CP — 11.0
C2'P5'C2,P5'CP — ,5.7
Polycytidylic 4.4 13.9
Polycytidylic 9.8 15.9
Poly ip uridylic 6.2 10.5
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T a b l e  2

Compound % Alkaline Hyperchromicity

A yP5'A 3'P5'C 3'P  (natural) 22.5
AS'PS'AS'PS'C 23.3
A3'P5'A 10.7
A3'P5'C3'P 8.0
A3'P5'C 7.6

G 3,P5'C3'P 3.8

G3'P5'C 3.0

A3'P5'U3'P 4.1
A3'P5'U 1.4
Poly (AAC) 2M-NaCl residue 28.8
Poly (AU) 2M-NaCl residue 17.2

GPCPGPCP 3.1

i U2'(3')P5'A 4.2

U2'P5'A 5.2

U3'P5'A 3.2

A2'P5'U 11.1

A3'P5'U 4.1

C2'(3')P5'U 8.3

C2'P5'U 7.9

C3'P5'U 8.7

C2'P5'C 10.8

C2'P5'C 7.4

* 0 2 ^ 5 ^ 5.0

G3'P5'A 3.3

A2'P5'A 18.4

A3'P5'A 13.3

C2'P5'A 9.7

C3'P5'A 10.2

A3'P5'C (natural) 7.6

UpGpA 6.8

G pApU 11.3

GpUpA 5.3

CpApU 12.5

CpUpA 7.5

CpUpGpA 7.7

CpGpApU 12.9

CpGpUpA 6.2

GpCpApU 12.3

GpCpUpA 6.6

ApUpGpC 8.6

Poly ACGU 12.1

absorption m easurem ents being made in alkali a t zero time and again ¡n 
alkaline solution after complete hydrolysis to m ononucleotide.

It can be seen that appreciable values a re  obtained even for 
dinucleotide derivatives, in agreem ent w ith  the observations of Sinsheim er
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[95] and of de Garilhe and Laskowski [33] that isolated oligodeoxynucleo- 
tides have about a 10% hyperchrom ie effect. It may also be noted tha t *n 
a given homologous series hyperchrom icity rapidly reaches a lim iting 
value at chain lengths of 5— 6, and that the various generalisations of the 
special effects of purines or of pyrim idines are  not in fact correct. It is 
clear that the increase in ultraviolet absorption on degradation of a nucleic 
acid is a function, not of any particu lar tract of nucleotides, but of the 
to ta l molecule, determ ined not only by the composition but also the order 
of bases in the polymer.

T a b l e  3

1 Hyperchromicity

O-OIn -HCI H 20  pH 7 0-2N-NaOH

Diadenylic 0 _ 15.1
Triadenylic 6.8 — 22.8
Tetraadenylic 13.2 — 30.7
Pentaadenylic 16.4 — 32.9
Polyadenylic (13.6) 22.9 — 36.7
Polyguanylic (3.2) 9.0 10.3 0
Polyguanylic (5.4) 14.6 16.5 0
Polyguanylic (12.5) 18.0 23.0 0
Polyadenylicguanylic (6.2) 14.7 36.7 19.0
A2' P5' U 12.3 16.0 12.8

In view of the zero hyperchrom icity of polyguanylic acids at alkaline 
pHs, the  variation of hyperchrom icity w ith pH was exam ined for a num ber 
of derivatives (Table 3). The results indicate that as w ith the hyperchrom ie 
effect itself, the effect of pH on the ultraviolet absorption of a large 
nucleic acid, relative to that of its component mononucleotides, w ill be 
a composite of m any different curves, characteristic not only of the 
nucleotide composition, but also of the distribution of bases.

Polym erisation can also cause pronounced changes in  the apparent 
pK a values of the bases, particularly  w ith polyguanylic acids. Spectropho- 
tom etric  titrations indicated that the apparent pK of 2.32 for guanosine-2' 
(or 3') phosphate was shifted to 2.63 for polyguanylic acid w ith  an average 
chain length of 5.4 units, while in the alkaline region, shifts from 9.33 to 
10.76 (for polymer average chain length 5.4 nucleotides) and to 11.20 (for 
polyguanylic acid, average chain length 12.5 units) were noted. A sim ilar 
shift (to 10.20) of this guanine dissociation was observed on polym erisation 
of the  dinucleotide G3'P5'C3'P i.e. the effect is not dependent on the 
juxtaposition  of guanine residues. This type of shift has been noted 
previously in a num ber of deoxynucleic acids [59].

A reasonable in terpretation [71] of these results is th a t even in- the 
rela tively  small synthetic polymers, the purine and/or pyrim idine bases
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are stacked in layers above each other and tha t interaction of n  electrons 
of adjacent rings, w ith the form ation of electron orbitals extending over 
m ore than one unit, orientated normal to the plane of the ring system s 4), 
causes essentially a new electronic species w ith an ultraviolet absorption 
characteristic of the entire molecule, rather than a simple sum m ation of 
the independent absorptions of the component mononucleotides. This 
interaction of the n electron systems, evident in the altered absorption 
spectra, would also have an effect on the ionisable groups of the purines 
and pyrim idines, since they participate directly in the chromophoric 
systems 5). As a corollary, perturbation of these groups — by hydrogen 
bonding or by ionisation, would affect the n  electron in teraction  of the  
total chromophoric system. V ariation in ionic strength or o ther factors 
[105, 20, 32, 15, 101, 57], changing the macromolecular configuration and 
superstructure  would likewise have an effect on this bas;c interaction, 
and hence on the u ltraviolet absorption. Any process which increases the 
interaction of the purine and/or pyrim idine rings (e.g. contraction of the 
macromolecule, m etal chelation between rings) w ill increase the 
hyperchrom ic effect, while a further diminution in ultraviolet absorption 
will be caused by hydrogen bonding betw een helices [105, 53, 11] or 
between different parts of a single helix.

The influence of the macromolecular superstructure of undenatured 
nucleic acids seems to account for some 50% of the total hyperchrom icity 
as shown on denaturation by acid, alkali and heat [57], a process 
presum ably due to the breaking of hydrogen bonds cross linking either 
two helical chains as in the  W atson-Crick model of DNA, or between 
turns of a single chain in a spiral w ith the bases parallel to the long axis 
of the molecule as in the model for tobacco mosaic virus nucleic acid 
described by Ginoza [35]. Degradation of this la tte r polymer by 
ribonuclease to an ex ten t corresponding to one break per m olecular 
w eight of 7000 is accompanied by a 15% increase in u ltraviolet absorption 
at 260 mil. [34]. The hyperchrom ic effect of a dinucleotide is of the 
o rder 10%. On the basis of one internucleotide break per tw enty 
nucleotides this would average out as a m axim um  hyperchrom icity of 1%. 
ra ther than  15%, im plying tha t such a break is sufficient to destroy any 
m acrom olecular configuration which the biologically active nucleic acid 
may have in solution [34], and which is responsible for part of the  
abnorm al ultraviolet absorption. This also suggests that m inim um  cham

4 A  so m ew h a t d ista n t an a logy  m ay lie  in su ch  com poun ds as ferro cen e  and  
d icyclo D en ta d ien y lm a g n esiu m  w h er e  th e  m eta l bond is to  th e  r in g  sy stem  as a w h o le , 
rather than to one p articu lar atom .

5) Such  an in teraction  m igh t a lso  be exp ected  in p o ly -L -ty ro sin e  (K atch alsk i and  
Sela. J. A m e r .  Chem . Soc.,  1953, 75, 5284).
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lengths of tw enty to forty nucleotides are necessary for the  natural 
occurrence of helical structures in nucleic acids, though with certain homo- 
polymers it is likely tha t helical structures can be formed a t much shorter 
chain lengths. A possible significance for the presence of fully m ethylated 
purine components in certain ribonucleic acids may be to prevent such 
intra-helical hydrogen bonding, that is, the ribonucleic acid has a discon
tinuous ordered structure of stretches of helix linked by non-helical 
portions.

T a b l e  4 

P a p e r  E lec trophores is
M ovem ent (cm .) tow ards th e  anod e is  ta b u la ted , for W hatm an N o 1 paper, w ith  1.0.02 M-Na.,HP04 

(pH 8.9); II. 0.02 m-KH,P04 (pH 4.5); both  a t 10v/cm . for 2 hr.

1 11 I II

A2' (3') P 9.3 6.9 A2' P5' A 5.0 4.5
C 2 '(3 ')P 10.5 8.2 A3' P5' A 4.3 3.7
G2' (3') P 9.6 7.4 A3' P5' A (natural) 4.3 3.7
U2' (3') P 11.1 8.8 . C2' P5' A 5.4 4.7
®PU 2# (3') P 10.8 8.0 C3' P5' A 4.8 4.6

A 3 'P5'C  (natural) 4.8 4.7

U2' (3') P5' A 5.7 5.0 A2' P5' U 5.3 6.0
C2' (3') P5' U 6.5 5.9 A3' P5' U 5.2 4.9
G2' P5' A 5.5 5.0 A3' P5' U (natural) 5.2 4.9
G 3 'P 5 'A 5.0 4.3 A5' P5' U 5.6 5.7

UpGpA 6.9 7.6 CpUpGpA 8.7 7.9
GpApU 6.9 7.3 CpGpApU 8.9 8.5
GpUpA 6.5 6.8 CpGpUpA 8.5 6.9
CpApU 7.7 7.6 GpCpApU 8.7 8.0
CpUpA 7.2 7.3 GpCpUpA 8.3 7.6

ApUpGpC 8.3 7.6

F urther evidence of lim ited freedom of movement about the 
internucleotide linkage even at the dinucleotide level, under normal 
conditions, was provided by an examination of isomeric dinucleoside 
phosphates. In general the 2'-5' isomer has a higher hyperchrom icity than 
the 3'-5' derivative (Table 2) while differences in electrophoretic m obility 
suggest th a t the 2'-5' compounds are more compact or “stream lined” than 
the 3'-5' isomers, i.e. that stronger interaction occurs between the bases 
to restrict rotation about the internucleotide linkage. In each case 
examined, the 2'-5' isomer had a greater electrophoretic mobility, although 
the 3'-5' dinucleoside phosphate was the stronger acid (Table 4).

It is also significant that A2'P5 U showed a hyperchrom icity twice that 
of the isomeric U2'P5'A, i.e. the effect is dependent on the o rder of the  
bases. That the synthetic polynucleotides, although relatively small, have

3 5 7
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definite configurations involving the stacking of purines and/or 
pyrim idines parallel to each other in  aqueous solution, was fu rth e r 
dem onstrated by the hypochromic effect on the absorption spectra of 
dye-stuffs in combination w ith the polymers.

The binding of certain planar basic dyes by nucleic acids has been 
studied extensively [67, 29, 21, 54, 55, 108, 97], as has the  interaction of 
amino acridines [58, 42, 16, 82, 87]. Basic dyes which exhibit m etachrom asy 
a-re characterised by their failure  to obey Beer’s Law in aqueous solution, 
due to aggregation of the dye molecules, causing an alteration in the  n  
electron system of the  chromophores. Binding of the dye by nucleic acids 
causes sim ilar effects [108] and indeed the induced m etachrom asy of 
toluidine blue has been used [29] to show that the uncombined phosphate 
groups in calf thym us nucleoprotein occur in sequences. The binding of 
rosaniline by nucleic acids has received m uch attention [21, 54, 55], while 
sim ilar spectral changes accompanying the binding of acridine orange by 
high molecular weight biosynthetic polyadenylic acids have been described 
by Steiner and Beers [97] who also report a quenching of the fluorescence 
of this dyestuff sim ilar to tha t due to dimérisation [88]. That the  m eta
chrom asy of such dyes due to concentration effects is a direct parallel to 
the hyperchrom icity of polynucleotides is fu rther suggested by work which 
has shown that the forces operating betw een the  rings of the neighbouring 
ions of the dye aggregate have an equilibrium  distance of 3— 4 Â [88, 94].

The effect of some low molecular w eight synthetic polymers (average 
chain length approxim ately 6) on the absorption spectra of rosaniline, 
toluidine blue and acridine orange is shown in Figs. 1 and 2. Equimolar 
am ounts of dye and polymer phosphate w ere used to avoid “m onom eric” 
binding [56] to phosphate groups, which would presum ably arise if a large 
excess of polymer was present. In all cases the effects due to the synthetic 
polymers w ere sm aller than those observed w ith yeast nucleic acid. Since 
the linkages in the synthetic m aterials are mixed 2'-5' and 3'-5' the 
arrangem ent of phosphate groups along the backbone is not as uniform  as 
in the natural m aterial so tha t while all sites m ay have been occupied, 
only where tracts of 2'-5' or of 3'-5' linkages occurred would any 
m etachrom asy result, giving rise effectively to “dim eric” binding, ra th e r 
than  “polymeric” , using Lawley’s definition of the term s [56]. It can be 
seen that the nature of the purine or pyrim idine has a profound effect on 
the  induced m etachrom asy of the dye, i.e. that secondary stereospecific 
requirem ents for binding sites are  also necessary. The influence of the 
chain length of the polynucleotide on interaction w ith dyestuffs is 
indicated (Figure 3); m inim um  chain lengths of 8— 10 nucleotides would 
seem  to be necessary for significant in teraction to occur.

M arked quenching of the fluorescence of acridine orange was also

http://rcin.org.pl



[25] POLYNUCLEOTIDES AND NUCLEOTIDE CO-ENZYMES 359

Fig. )1. A ctio n  of P o ly n u c le o tid e s  3 X 10—5m  (P) on th e  absorption  
sp ectra  o f A crid in e  O ran ge (3 X 10—5 m) (left) and  T o lu id in e  B lue  
(3 X 10—5 m ) (right) in  0.01 M -am m on ium  a ceta te  at pH  6.8. 1, Dye  
a lon e; 2, 3, 4 and  5, w ith  a d d ed  p o lyu rid y lic , p o ly a d en y lic , po lygu an y lic ,

and yeast ribonucleic acid, respectively.

F ig . 2. A c tio n  o f P o ly n u c leo tid es  3 X 10—5 m  (P) on th e  absorp tion  spectra  
o f A cr id in e  O range (3 X 10—5m ) (left) and T o lu id in e  B lu e  (3 X 10—5 m )
(r igh t) in  0.0,1 M -am m onium  a ceta te  a t pH 6.8. 1, D ye  a lone; 2, 3, 4, 
and  5, w ith  added  p oly  A C G U , p o ly  AG , r ib on u clease  res ista n t “cores” 

fro m  y ea st n u cle ic  acid , and  y ea st r ib on u cleic  acid, resp ectiv e ly .

observed, particularly  by polyguanylic acid and to a lesser ex ten t by 
polyuridylic acid (Table 5). Polyglycerophosphate w ith  an average chain 
length of 12.1 glycerophosphate units was quite w ithout effect on the 
absorption of these dyes or on the fluorescence of acridine orange.

W hile no evidence was found of interaction betw een the synthetic 
polyadenylic and polyuridylic acids, sim ilar to tha t observed w ith
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biosynthetic polymers of high molecular weight [105], partial interaction 
between polycytidylic acid and polyguanylic acids (both of average chain 
length oo 6 nucleotides) was observed by Dr. K. S. K irby of the Chester

Wavelength (m y)

Fig. 3. A ction  o f P o ly cy tid y lic  acid  3 X 10—‘m  (P) on th e  absorp tion  
spectra  of A crid in e  O range (3 X 10—5 m ) (left) and T o lu id in e  B lu e  
(3 X 10—5m ) (right) in 0.01 M -am m onium  aceta te  at pH 6.8. 1, D ye a lone;
2, and 3, w ith  add ed  p o ly cy tid y lic  acid  of a v erage  cha in  len g th  ~  6 

and 10 n u cleo tid es resp ectiv ely .

Beatty Institute, using counter-current distribution techniques. Paper 
electrophoresis also indicated partial interaction, though only a slight

T a b l e  5

Substance Fluorescence i
%

Acridine orange alone 100
Polyglycerophosphate 99.5
Adenosine-2' (3') phosphate 99
A2' P5' U 99
A3' P 5'C 3' P 98
Poly U 86

| Poly ACGU 75
Poly A 62
Poly G 52
Poly AG 46
RNAase resistant core 37
Yeast R N A 30

decrease in absorbance (3°/o) occurred on mixing solutions of the two 
polymers. It seems probable that hydrogen bonding betw een the cytosine
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6 amino group and the guanine-NH-CO-group is stronger than that 
involved between adenine and u rac il(i). This interaction, though only 
partial (presumably only the longer polynucleotides in the m ixture are 
effective) is a final dem onstration that relatively small oligonucleotides 
have a definite ordered configuration w ith restricted rotation about the 
internucleotide linkages, previously suggested by the hyperchrom ie effect, 
the shift in apparent pKas, the electrophoretic mobilities of isomeric 
dinucleoside phosphates and the interaction w ith planar basic dyes.

That the configuration favouring interplanar interaction may be of 
lower energy than other configurations has been shown by the effect of 
adenosine on the fluorescence of riboflavin (particularly in flavin adenine 
dinucleotide) [106] and by the quenching effect of purines on the 
fluorescence of certain hydrocarbons [107]. In any nucleic acid one might 
therefore expect two opposing effects — strain set up by the highly 
charged sugar phosphate backbone, counteracted to some exten t by 
binding between purines and pyrimidines. If this stabilising effect 
(perhaps evident in the exceptional stability  to alkali of di- and tri-adenylic 
acids) [53a] reaches a lim it at a relatively low num ber of nucleotide units, 
then the spontaneuos degradation of high m olecular weight ribonucleic 
acids to much smaller polymers may possibly be expected. The protective 
action of high ionic streng th  [101, 19] and in particular the greater 
efficiency of divalent cations such as Mg+ + , Ca + + and B a++ in reducing e 
values [92] would be in terpreted  as due to the form ation of ion pairs 
along the phosphate backbone. It is of interest that the binding constant 
for dye-nucleic acid complexes is lowered by excess sodium ions, and that 
divalent cations are some th irty  times more effective than m onovalent [54].

Because of this restricted  rotation, small oligonucleotides could act as 
tem plates (c/f the interaction of low m olecular weight polyguanylic and 
polycytidylic acids) — a factor of possible significance for speculations on 
the chemical origin of life. Since these small polynucleotides precipitate 
w ith protam ine and bind planar basic dyes, it is possible that protection 
by small peptides would occur at relatively short chain lengths, giving rise 
to a process of natural selection at the molecular level and evolution from  
prim itive oligonucleotide-peptides, to the  present day nucleoproteins. 
Some biological properties of proteins and nucleic acids are not entirely  
dependent on extrem ely high m olecular weight.

In this region of pure speculation one m ight also m ention the possibility 
of identical replication (rather than complementary) w ith some of the 
sim pler polynucleotides, as suggested by the work of Rich [90] and others

6) M arm ur and  D oty  h a v e  recen tly  (N a tu re  1959, 183, 1427) sh o w n  th at the  
d én a tu ra tio n  tem p eratu re  of D N A  is a fu n ctio n  o f th e  g u a n in e -cy to sin e  conten t.
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on the form ation of double and treble strands from enzym ically prepared 
homopolymers. Identical replication m ay also be involved in the interesting 
single stranded DNA of bacteriophage 0 X  174, described by Sins
heim er [96].

Recent work has strongly suggested that RNA is form ed in th e  nuclei, 
then transferred  to the cytoplasm [109] where it is required for protein 
synthesis. This is perhaps quite reasonable in that the metabolic stability  
of RNA is such that the inform ation carrier must be renew ed continuously, 
a necessary situation if M endelian genetics are to be m aintained un
distorted by extensive cytoplasmic inheritance, which would perhaps occur 
w ere stable forms of RNA (or nucleoprotein) abundant. The difference 
between plant viruses such as tobacco mosaic virus (RNA) and the bacterial 
viruses and transform ing factors (DNA) is after all, a m atter of degree, 
ra th e r than absolute. In each case inform ation for self replication is 
carried, as well as an ability  to cause specific visual and biochemical 
effects, though of course this replication is intim ately connected w ith the  
metabolism of the frequently  extrem ely specific host. It is perhaps not 
surprising that specialisation and differentiation occur so soon (e.g. the  
phosphatase activity and contractile nature  of the protein tail of T2 
bacteriophage) [50]. While the  one gene — one enzyme situation may well 
hold in  biochem istry [9], at a lower level there is no a priori reason for 
assuming one molecule — one function. Harris has shown that the 
synthesis of protein and RNA are prerequisites for DNA synthesis [37], in 
agreem ent w ith the mechanism of DNA replication devised by Stent [98]. 
In this scheme the double helical DNA molecule serves as a tem plate 
(through hydrogen bonding to the com plem entary base pairs) for synthesis 
of nucleoprotein containing a single RNA strand, which now contains the 
inform ation of the parent DNA double helices. Reversal of this process, 
that is alignm ent of com plem entary pairs of deoxyribonucleotide deriva
tives on single bases of the RNA strand by specific hydrogen bonds, 
followed by polymerisation, gives DNA. In toto this provides not only 
a mechanism for the synthesis of DNA but also an attractive m ethod for 
transfer of inform ation from  the chromosomal DNA, to RNA involved in 
w ider m etabolic activities.

In conclusion I should like to quote Prof. W. T. A stbury [1] —
“More dimly still, but now not nearly  so as it appeared only a short 

while ago, a day can be envisaged w hen we may be able, in a  process 
analogous w ith infection by a bacteriophage, or w ith  any fertilization, to 
add a synthetic polynucleotide to a collection of synthetic substrates and 
thereby set going a little hive of ‘synthetic life’.” He then  goes on to  say 
tha t there is something seriously wrong w ith  dream s such as this. That 
“system s of proteins and nucleic acids and accessory molecules w ith
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nothing else can scarcely keep on thinking and asking questions about 
them selves and experim enting on them selves until they have a t last 
succeeded in making them selves. Reason apart, the halt will surely !>e 
called by an ultim ate indeterm inancy principle which says tha t it is 
impossible to place the required components in  their correct places all at 
the same tim e” .

This may well be w ishful thinking. In any case, it is perhaps a more 
w orthy objective than the abuse of ducks [12], or for tha t m atter, man.

SUMMARY

Chemical methods for the  synthesis of nucleotide coenzymes are 
described. These include the reaction of an acid chloride w ith  the salt 
of an acid, the use of carbodiim ide reagents and reaction of monoesters 
of phosphoramidic acids w ith phosphates. The chem istry of esters of 
pyrophosphoric acid is related to the biological functions of the naturally  
occurring derivatives.

The chemical polym erisation of mononucleotides through interm ediate 
mixed anhydrides, gives rise to linear polymers analogous to those of 
natural origin, except tha t some of the linkages are 2'5' ra ther than 3'5'. 
Using this method homopolymers of the five m ajor ribonucleotides, as well 
as various copolymers, have been prepared, including three different types 
of copolymer of adenylic and uridylic acids containing random  distribution 
of bases, tracts of bases, or alternating adenylic and uridylic acid units. 
The stepwise synthesis of oligonucleotides containing a num ber of d ifferent 
bases in a defined order is also described. Some of the synthetic polymers 
show biological activity.

The physical properties of these synthetic polynucleotides of relatively 
low molecular weight show that they have ordered structures involving 
the “stacking” of purines and/or pyrim idines, w ith restricted rotation about 
the internucleotide linkages, even at the dinucleotide level. These physical 
properties include the hyperchrom ic effect on degradation of the oligo
nucleotides, the variation in pK values of the bases on polymerisation, the 
interaction of the polymers with certain basic dyes, a comparison of the 
hypochrom icity and electrophoretic mobility of isomeric dinucleoside 
phosphates, and the interaction betw een synthetic polyguanylic and poly
cytidylic acids.
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Z PO G L Ą D Ó W  N A  CH EM IĘ P O L IN U K L E O T Y D Ó W  I K O E N Z Y M Ó W  
N U K L E O T Y D O W Y C H

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

Opisano chemiczne m etody syntezy koenzymów nukleotydowych. Obej
m ują one reakcje chlorków kwasowych z solą kwasu, użycia odczynników 
karbodwuim idowych oraz reakcji monoestrów kwasów fosforoamidowych 
z fosforanami. Starano się powiązać własności chemiczne estrów  kwasu 
pyrofosforowego z funkcjam i biologicznymi ich pochodnych występujących 
w  przyrodzie.

Chemiczna polimeryzacja poprzez mieszane bezwodniki prowadzi do po
w stania łańcuchowych polimerów analogicznych do w ystępujących w  przy
rodzie, z tym  jednak, że niektóre spośród w iązań są raczej 2'5' niż 3'5'. 
S tosując tę metodę otrzymano homopolimery pięciu zasadniczych rybonu- 
kleotydów  a także różne kopolimery, a w tym  trzy różne rodzaje kopoli
m erów  kwasów adenilowych i urydylowych, różniące się rozmieszczeniem 
zasad; jedne z nich m ają zasady rozmieszczone przypadkowo, w  innych 
następują po sobie ciągi tej samej zasady, w  trzeciej wreszcie grupie kwas 
adenilowy i urydylowy idą na przemian. Opisano również stopniową syn
tezę oligonukleotydów zawierających pewną ilość różnych zasad w  określo
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nym porządku. Niektóre syntetyczne polimery wykazywały aktywność 
biologiczną.

Fizyczne własności tych syntetycznych polinukleotydów o stosunkowo 
niewielkiej masie cząsteczkowej wykazują, że m ają one uporządkowane 
struk tury , przy czym pierścienie purynowe i pirym idynowe są „usztyw
nione“ z ograniczoną możnością rotacji dokoła wiązania m iędzynukleoty- 
dowego, naw et w przypadku dwunukleotydów. Te fizyczne właściwości 
obejm ują wzrost barwliwości przy postępującej degradacji oligonukleoty
dów, zmianę wartości pK zasad w m iarę polimeryzacji, reagowanie polime
rów z pewnym i barwikami zasadowymi, równoległość wzrostu barwliwości 
i ruchliwości elektroforetycznej izomerycznych fosforanów dwunukleozy- 
dowych, a także reagowanie ze sobą syntetycznych kwasów poliguanilo- 
wych i policytydylowych.

O trzym ano 22.6.1959 r.
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B DROŻDŻ

ODRÓŻNIENIE KSYLOZY OD ARABINOZY I INNYCH CUKRÓW

Z a k ła d  F a rm a k o g n o z j i  A . M. w  P oznan iu  
K i e r o w n i k :  doc. d r  B. B o rk o w s k i

Do odróżniania pentoz tak w analizie kroplowej, jak i na chrom atogra- 
mach nadają się roztwory kwasu barbiturowego i kwasu tiobarbituro- 
wego w kwasie octowym lodowatym. W spomniane kwasy znane są już 
w analityce węglowodanów. Jäger i Unger [7] wykorzystali zdolność 
kwasu barbiturowego do tworzenia trudno rozpuszczalnych połączeń 
z aldehydami arom atycznym i dla ilościowego oznaczania furfurolu  pow
stającego z pentoz. Dox i Plaisance [2] z jeszcze lepszym wynikiem za
stosowali kwas tiobarbiturow y. Eder i Sack [4] oznaczyli zawartość gli- 
cyryzyny w surowcach i preparatach farm aceutycznych strącając kwasem 
barbiturow ym  furfurol powstający z kwaśu glikuronowego. Drożdżowa 
i Drożdż [3] stwierdzili przydatność roztworu kwasu barbiturowego 
w mieszaninie kwasu octowego i mlekowego w mikroanalizie surowców 
roślinnych dla wykazania błon zdrewniałych.

Badając działanie roztworów kwasu barbiturowego, lub tiobarbituro- 
wego w kwasie octowym lodowatym  na cukry stwierdzono występowanie 
barw nych plam. Barwne plam y są charakterystyczne dla poszczególnych, 
grup cukrów, a co więcej umożliwiają rozróżnienie pentoz, ponieważ1 
w przypadku ksylozy pojawia się ciemnozielone, a arabinozy i rybozy* 
brązowawe zabarwienie.

Analiza kroplowa

Najlepsze wyniki szybkiego odróżnienia ksylozy od arabinozy i in
nych węglowodanów osiągnięto przy zastosowaniu metody kroplowej na 
bibule chrom atograficznej W hatm an 1.

Na bibułę nanoszono od 1 do 10 ąg cukrów w roztworach (plama wiel
kości 20 do 50 mm2), po wysuszeniu spryskiwano bibułę l°/o roztworem  
kwasu barbiturow ego w kwasie octowym lodowatym przygotowanym na 
zimno, lub 0,5% roztworem  kwasu tiobarbiturow ego w  kwasie octowym

[369]
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T a b l i c a  1
R ea k c je  b a rw n e  c u k r o w c ó w  z  k w a s e m  b a r b i t u r o w y m  i t io b a r b i tu r o w y m

Cukrowiec
•

Zabarwienie plam w świetle

dziennym ultrafioletowym

A. Kwas barbiturowy

Aldopentozy:
L-ksyloza, D-ksyloza ciemnozielone brunatnozielone
L-arabinoza, D-ryboza jasnobrązowe jasnopomarańczowe

Aldoheksozy:
D-glikoza, D-galaktoza 
D-mannoza żółtopomarańczowe ciemnożółtozielone

Ketoheksozy:
L-sorboza, D-fruktoza pomarańczowe żółte

6-dezoksyheksozy:
L-ramnoza, L-fukoza jasnożółte zielonożółte

Kwasy uronowe:
kwas D-galakturonowy jasnozielone żółtozielone

Disacharydy:
maltoza, laktoza żół topomarańczo we żółtozielone

B. Kwas tiobarbiturowy

Aldopentozy:
L-ksyloza, D-ksyloza ciemnooliwkowe brązowe
L-arabinoza D-ryboza szarobrązowe jasnobrązowe

Aldoheksozy:
D-glikoza, D-galaktoza 
D-mannoza żółtopomarańczowe pomarańczowe

Ketoheksozy:
L-sorboza, D-fruktoza ciemnopomarańczowe pomarańczowe

6-dezoksyheksozy:
L-ramnoza, L-fukoza żółte zielone

Kwasy uronowe:
kwas D-galakturonowy szare żółtozielone

Disacharydy:
maltoza, laktoza żółte zielonkawe

(b. słabo widoczne)

lodowatym. Bezpośrednio po spryskaniu, bibułę umieszczano na prze
ciąg 10 do 15 m inut w suszarce w tem peraturze 125°. Na białym  tle po
jaw iały się wówczas żółte plamy, które po krótkim  trzym aniu bibuły nad 
wrzącą wodą przyjm owały zabarwienie charakterystyczne dla poszcze
gólnych cukrów, jak  to w ykazuje załączona tablica.

Cgrzewanie. W tem peraturze niższej od 120° plam y pojaw iają się wol
niej. W tem peraturze 90— 100° podobną intensywność osiągają dopiero
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po kilku godzinach ogrzewania. Plam y ketoz i dwusacharydów w  tem pe
ratu rze poniżej 100° są praw ie niewidoczne.

W tem peraturze powyżej 130° reakcja przebiega szybko, ale tło za
barw ia się również na kolor żółtawy, a same plamy cukrów nie w ykazują 
już tak wyraźnego zróżnicowania barw , jak w przypadku wywoływania 
w tem peraturze 120— 130°.

Nawilgacanie plam. Przeprowadzając próby zaobserwowano, że żółte 
plam y poszczególnych cukrów zm ieniają po pewnym  czasie swoje zabar
w ienie przyjm ując charakterystyczne odcienie. Proces różnicowania barw  
przyspieszono umieszczając bibułę bezpośrednio po ogrzaniu nad wrzącą 
wodą. Po kilku m inutach uzyskiwano rezultat, k tóry w normalnych wa
runkach osiągano po kilku względnie nawet kilkunastu godzinach.

Trwałość plam. Plam y poszczególnych cukrów wywołane podanymi 
odczynnikam i zachowują się jeszcze po upływie kilku miesięcy, zmienia 
się jednak ich natężenie i zabarwienie.

Zastosowanie w  chromatografii

Roztwory kwasu barbiturow ego i tiobarbiturowego w kwasie octowym 
lodowatym  nadają się do uwidoczniania plam cukrów na chromatogramach. 
Stosując podany sposób w yw oływ ania bezspornie identyfikowano po
szczególne cukry w ilościach do 5 ug. po ich rozwinięciu różnymi zesta
wami rozpuszczalników [1, 5, 6].

Badane cukry pochodziły z firm y S. Hoffmann — La Roche, Basel. 
Dodatkowo przebadano L-ksylozę z firm y Eastman Kodak i D-ksylozę 
otrzym aną z Podhurtow ni Odczynników Katowickiej Hurtowni Farm a
ceutycznej, a deklarowaną jako ,,D( +  )-ksyloza cz. przep. import. 
N iem cy“ .

STRESZCZENIE

Zastosowano roztwory kwasu barbiturowego i tiobarbiturowego 
w kwasie octowym lodowatym do w ykryw ania ksylozy, arabinozy i in
nych cukrów w analizie kroplowej i na chrom atogramach bibułowych. 
Szybkie i dobre zróżnicowanie barw  otrzym uje się, wywołując plamy 
w 125° przez 15 m inut i następnie nawilgacając je nad wrzącą wodą.
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ID E N T IF IC A T IO N  OF XY LO SE, A R A B IN O SE  A N D  OTHER SU G A R S

S u m m a r y

The solutions of barbituric and tiobarbituric acid in glacial acetic acid 
were used to detect xylose, arabinose and other sugars by means of drop 
analysis as well as in paper* chrom atography. The quick and clear dif
ferentiation of colours was obtained when the spots were developed at 
125° for 15 min. and then moistened over boiling water.

2 ^ 2  -B. D RO ŻDŻ [4]

O trzym ano 27.6.1959 r.
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