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SU.MMARV 

The  resul ts  of se t t ing  e x p e r i m e n t s  show t h a t  SO a 2 and  OH are the  ma in  react ive ions wh(,n 
the  cys t ine  d i su lphide  cross- l inkages  in h u m a n  hair  are a t t a cked  l)y su lph i te /b i su lph i te  so lu t ions  
in lO% E t O H  a t  5 °`' . 

S-Cyste ine  su lphona te ,  RSSO3- ,  incorpora ted  in the  protein  chain,  is the  mos t  i m p o r t a n t  
source  of b i su lphi te -s tab le  set a t  the  lower p H  va lues  (4 to 8) inves t iga ted .  The  cross- l inkages  
involved arc formed in the  react ion m i x t u r e s  a t  5 °`' and  also when  a t rea ted  fibre is immersed  
s lack in boil ing dist i l led water .  

The  cross- l inking react ion is a lkal i -ca ta lysed.  
The  second s ide-chain  which  combines  wi th  RSSO~-  to form a b isu lphi te -s tab le  cross- l inkage 

will be d iscussed in a following paper .  
The  su lphenic  acid group,  RSO]-I, incorpora ted  in the  pro te in  cha in  also gives rise to t)i- 

su lph i t e - s t ab le  cross- l inkages;  i ts effect becomes  appreciable  a t  pH  va lues  above  8. Viewed wi th  
o the r  ev idence  6, th is  sugges t s  t h a t  the  cross- l inkages  in th is  case are lan th ionine ,  RSR,  bonds .  
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Institute o/ Biochemistry and Biophysics, Academy o/Sciences, Warsaw (Poland) 

The effects of ultraviolet irradiation of nucleic acids and their derivatives have received 
considerable attention, largely because of their widespread occurrence in living organ- 
isms, their high selective absorption in ultraviolet light, and considerable evidence 
pointing to them as the immediate and principal receptors of radiation resulting in a 
variety of biological effects. Although it is well known that purines are considerably 
more resistant to irradiation than pyrimidines, there is a surprising paucity of quanti- 
tative data on this subject. 

In most instances the photolysis of purine and pyrimidine derivatives is accom- 
panied by a destruction of the absorption spectrum and the formation of a wide variety 
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of products. However, in 1949 SINSHEIMER AND HASTINGS 1 made the interesting ob- 
servation that uridylic acid and uracil, following irradiation at 2537 A until the prin- 
cipal absorption maximum had completely disappeared, could be made to regain the 
original spectrum by acidifying to pH I. Cytidylic acid, but not cytosine, was reported 
to exhibit similar behaviour. The photolysis of uridylic acid was subsequently exten- 
sively studied by SINSHEIMER 2, who showed that the reaction could also be reversed by 
heat at neutral pH ; and it was demonstrated by RAPPORT, CANZANELLI AND SOSSEN 3 
and by MITCHELL (quoted by RAPPORT et al. 3) that the reconstituted substance be- 
haved biologically like the original. Evidence presented by MOORE AND THOMPSON a in- 
dicated that the disappearance of the absorption maximum of 1,3-dimethyluracil upon 
irradiation was due to loss of the 5 : 6 double bond caused by the addition of a molecule 
of water. This was confirmed by WANG, APICELLA AND STONE 5, who showed that the 
photoproduct is 6-hydroxy-I,3-dimethylhydrouracil. Reversal of the effects of irradia- 
tion by acid or heat in the dark is due to removal of the water molecule, with the re- 
sultant reformation of the double bond. Studies of the forward and backward reac- 
tions in fight and heavy water were in accord with these findings and indicated, in- 
directly, that a similar mechanism holds for the irradiation of cytosine and a number 
of its derivatives, particularly its nucleosides and nucleotides 6. 

The fact that the photolysis of nucleosides and nucleotides of cytosine and uracil 
may be reversed in the dark is of obvious interest, in view of the findings that the 
effects of ultraviolet irradiation on microorganisms may be partially reversed by fight 
or heat. In view of the fact that the immediate receptors of the primary radiation are 
most likely nucleic acids, it is quite conceivable that at least a partial answer to the 
phenomenon of photoreactivation in microorganisms may be found in the reversible 
photolysis of the pyrimidine nucleotides (unsubstituted in the 5,6 positions, see below) 
of the nucleic acids, and this is one of the objects of our investigations 6. 

We have been studying the ultraviolet photolysis of a wide variety of pyrimidine 
analogues and in this publication report some of our observations on the reversible 
photolysis* of cytosine derivatives. We shall show elsewhere that the irradiation of 
some pyrimidines (e.g. 2-methoxyuracil), while not necessarily reversible, results, not 
in a rupture of the pyrimidine rings, but in the formation of new pyrimidine deriva- 
tives at neutral pH. 

MATERLXLS 

A number  of the compounds  used have been previously describedT, s. Cytidylic acid was a mixture  
of the a and b isomers. Desoxycytidylic acid was a gift of the California Foundat ion  for Biochemical 
Research. 2-Methoxycytosine was synthesized by the method of HILB~RT AND JOHNSON °, as before. 
All substances  were checked spectrophotometr ical ly  and/or  chromatographical ly.  Phosphate  and 
borate  buffers, o.o~ 5 M, were used in the pH range 6-9; acid and alkaline p H  values were obtained 
by  appropria te  dilutions of HC1 and N a O H  and with o.o3 M glycocoll buffers. 

METHODS 

A Thermal  Syndicate mercury  resonance lamp was used as a source of 2537 A radiation. Although 
more than  95% of the energy of this lamp is emitted at  this wavelength, it was  found tha t  traces 
of radiat ion a t  shorter  wavelengths were sufficiently active to produce additional reactions (as 
well as to interfere frequently with the subsequent  reversibility of the reactions); an acetic acid 

" A reversible photochemical  reaction is here understood to be one where the effects of irradia- 
t ion may  be subsequent ly  reversed in the dark. 
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Ji l ter  was  consequen t ly ,  used  to  e l i m i n a t e  a l l  w a v e l e n g t h s  be low 24oo A. l"or q u a l i t a t i v e  s tud i e s ,  
a n d  a l so  w h e r e  o v e r n i g h t  e x p o s u r e s  were  r e q u i r e d ,  a P h i l i p s  g e r m i c M a l  l a m p  was  m n p l o y c d .  In  
qua l l t i l ; . t t i ve  s tud i e s ,  s o l u t i o n s  were  i r r a d i a t e d  ill s p e c t r o p h c ~ t o m e t e r  c u v e t t e s  of 2 to  1o nl l l l ,  
\v i th~mt  s t i r r i n g  a n d  w i t h  such  c o n c e n t r a t i o n s  of t he  s u b s t a n c e  u n d e r  i n v e s t i < a t i o n  t h a t  i n i t m l  
o p t i c a l  d e n s i l i e s  w e r e  in t he  n e i g h b o u r h o o d  of o.0 .0.8 ( - ~ , t o - a  . l l ) .  

lAgh t  i n t e n s i t i e s  were  m e a s u r e d  bv  iir~.tlIVl o x a l a t e  a c t i n o m e t r \  "ll' a n d  were  of t he  ~wder of 1{~ 16 

( l uan l a , i cn l a /min .  F ron l  t i m e  to  t.illle, h o w e v e r ,  i t  \','its f,~tlll(.1 m o r e  c o n v e n i e n t  to  c h e c k  sou rce  i n -  

t e n s i t i e s  b y  t he  r a t e  of p t m t o l y s i s  of one  of t he  nuc leos ides ,  w h i c h  had  been  p r e v i o u s l y  s t a n d a r d i z e d  
a g a i n s t  t he  u r a n v l  o x a l a t e  a c t i n o m e t e r .  

\Vhen  t he  effects  of p h o t o l y s i s  were  to  be r e v e r s e d  by  hea t ,  t h e  s o l u t i o n s  were  h e a t e d  ill t h e  
o r i g i n a l  q u a r t z  ct, v e t t e s  used  for i r r a d i a t i o n  a n d  s p e c t r a l  m e a s u r e m e n t s ,  in a H~wph,r t h e r m o s t a t :  
a n y  h~sses by  e v a p o r a t i o n  were  m a d e  up  by  t h e  a d d i t i o n  of w a t e r .  

Spec t ropho tc~me t r i c  m e a s u r e m e n t s  were  m a d e  w i t h  it U n i c a m  SP-5oo  a n d  a S o v i e t  SF-  4 
s p e c t r o p h o t o m e t e r ,  b o t h  of wh ich  were  c h e c k e d  a g a i n s t  klloWll c o m p o u n d s .  The  a g r e e m e n t  be-  
t w e e n  t he  t w o  i n s t r l l m e n t s  w a s  e x c e l l e n t  for w a v e l e n g t h s  dowl l  to  205o A. 

RESULTS 

From an investigation of a wide range of pyrimidine derivatives it became evident 
that, for reversible photolysis to take place, the number 5 and 6 positions in the pyri- 
midine ring must be unsubstituted (see also ref. 2). This is, however, not a sufficient 
condition, for compounds such as 2-thiocytosine and 2-thiouracil fail to exhibit the 
phenomenon of reversibility. The electron distribution density in tile pyrimidine 
ring is thus also of some importance. 

The cytosine derivatives exhibiting reversible photolysis may be divided into two 
groups insofar as their photochemical behaviour (as well as the rate and extent of re- 
versibility) is concerned: (a) cytosine and I-methylcytosine and (b) nucleosides and 
nucleotides of cytosine. 

The products of irradiation of compounds of group (b) are remarkably resistant 
to irradiation over a wide range of pH values, and, even after long periods of irradia- 
tion, more than 95 % of the original absorption spectrum may be reconstituted at acid, 
alkali (pH ~ I2) and neutral pH. Even after overnight irradiation of pyranosylcytos- 
ines, for example, more than 5o% of the photoproduct can still revert to the original 
substance. Some idea of tile rate and extent of reversibility for several compounds mav 
be gained from an inspection of Figs. 4, 5 and 6. Following irradiation at neutral pH, 
reversal is most rapid upon acidification, in some instances too rapid to measure. 

The products of irradiation of compounds of group (a) are, on the other hand, 
much more sensitive photochemically so that after lengthy periods of irradiation no 
evidence of reversibility at all may be observed. This undoubtedly explains why 
SINSItEIMER .\ND H.\STINGS 1 failed to note any reversibility of the photolysis of 
cytosine. 

In group (a) irradiation is accompanied by the disappearance of the spectrum over 
the entire range examined, whether the reaction proceeds in acid (Fig. I), neutral ~ or 
alkaline (Fig. 2) medium. In unbuffered solution the disappearance of the absorption 
spectrum is accompanied by a small shift towards the red of the principal maximum 
at 27oo A, a phenomenon not observed in tmffered medium at the same pH. Further- 
more, in going from neutral to acid medium there is no apt)reciable change in quantum 
yield (Table I), despite the fact that there is uptake of a proton by the amino group 
(pK values for cytosine and i-methylcytosine, 4.45 and 4.55, respectively ~' 8). On the 
other hand, in acid medium the reaction is no longer reversible (Fig. I). For i-methyl-  
cytosine there is little change in quantum yield (~) from pH 2 to 14. In the case of 
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cytosine enolization of the carbonyl  group (pK 12.2 ~) is accompanied by  an abrup t  in- 
crease in ~ of almost one order of magnitude.  F ina l ly  reconst i tut ion of both  these com- 
pounds in unbuffered medium (pH "~5.6) is such tha t  the final spectrum has its prin- 

cipal max imum displaced about  50 A to the red of the original. 
Photolysis of cytosine in alkaline medium (pH I3-14) results in a product  which 

undergoes further modification in the dark so that  the final principal max imum is 
about  IOO A off to the violet (Fig. 2). 

~o 

I 
[ 

Fig. I. Cytosine in o.oI N HCI. - -  before 
irradiation; . . . . . . .  following i io' irradiation 

(no change after 48 h at room temp.). 

Fig. 2. Cytosine in o.I N NaOH. ~ before 
irradiation; . . . . . . .  after 80' irradiation; . . . .  

after 15 h at room temp. 

TABLE I 

0 U A N T U M  YIELDS FOR PHOTOLYSIS OF CYTOSINE DERIVATIVES AT 2 5 3 7  A (MOLE/EINSTEIN X IO $) 

:OH 
Compound 

x 2 H t O *  7.x 8.9 xo.5 r,r x3 x4 

Cytosine - -  I. 3 1.7"* 1.3"* - -  - -  - -  
i-Methylcytosine i. 4 2.1 : :  I .~3: * - -  - -  
Cytidine 1.6"* 9.0 I ~__ 8.9** 6.8** 
Cytidylic acid I.I** - -  - -  I2"5 * 9'4** 6"3** 
Desoxycytidine I 6** 9.5"* 8.6** 8.3*" 6.o** 
Desoxycytidyllc acid - -  1.5"* - -  2.9 °* 3.o** 3.o** 3.o** 
Pyranosyl-cytosines 1.6"* - -  I6"* 13"* I 5 * *  I I * *  7"9** 

6. 3 8.0 
2 . I  - - -  

3.6 2.9 
1.  4 

0. 5 --- 
1 . 0  

r-z§ o.25-2.5 ! 

" pH ~ 5.6. ** Reaction reversible in the dark. § Quantum yield increases during reaction. 

In  compounds of group (b) an entirely different behaviour  is observed both as re- 
gards changes in absorpt ion spectra upon irradiat ion,  as well as q u a n t u m  yields. Over 
the pH range 6-1o.5, where neither the pyrimidine amino nor the carbohydrate  hydrox-  
yls are dissociated, there is a decrease in the height of the principal  absorption maxi-  
m u m  in the neighbourhood of 270o A with s imul taneous appearance of a new m a x i m u m  
in the region 2360-239 ° A (Figs. 5 and  6, see also ref. ~). Strict ly speaking, this is not 
necessarily a new maximum,  as may  be seen from Fig. 5 (see DISCUSSION). In  this pH 
range the q u a n t u m  yield is about  the same for all of these compounds,  with the excep- 
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tion of desoxycytidylic acid, and about one order of magnitude greater than for cyto- 
sine and I-methylcytosine. Furthermore, the reaction can be rew'xsed in the dark, the 
rat(; of reversal being dependent on pi t  and temi)erature. 

At pH - I2 the quantum yields drop appreciably (Table I), while thu reaction is 
no longer reversible either by acidification or heating. In this pH range photolysis is 
accompanied bv the disappearance of the entire spectrum (Fig. 3)- 

(28 

, \  

' , ,_../ R,, 

F i g .  3. G a l a c t o p y r a n o s y l e y t ( ) s i n e  in  i N N a O H .  
. . . .  b e f o r e  i r r a d i a t i o n  ; . . . . . .  f o l l o w i n g  15 ° `  
i r r a d i a t i o n :  . . . . . . .  a f t e r  t 8  h a t  r o o m  t e m p .  

~A 

~6 

, '~J, , , \~\~ 
x ~  l ~  71t7 A(A) 

F i g .  4. G l u c o p y r a n o s y l c y t o s i n e  in  o . i  . \ '  t I C I .  
- -  b e f o r e  i r r a d i a t i o n ;  . . . . . . .  a f t e r  2 z o '  

i r r a d i a t i o n ;  . . . .  a f t e r  t 8  h a t  r o o m  t e m p .  

In acid medium, where the amino group is dissociated, the quantum yield is one 
order of magnitude lower and its value is practically identical for all compounds; 
(luring irradiation the absorption maximum at 280o A decreases, while there is no 
marked change in the region 21oo-23oo; following irradiation the photoproducts 
revert to the original substance (Fig. 4). 

Neither in acid nor in alkaline medium does the maximum at 236o A appear 
(luring irradiation. The height of this maximum during irradiation is not markedly de- 
pendent on pH in the range 7-1o.5. However, at pH values below 7, such that there is 
as yet no decrease of q) with pit ,  photolysis is accompanied by only a slight increase in 
absorption in this region. That  this is only a pH effect (due, most likely to the dissocia- 
tion of some group in the photoproduct, probably the amino group) is testified to by 
the fact that,  if pyranosylcytosines are irradiated in water (pH '--'5.6) and the pH 
after irradiation brought to 7.2, the maximum at 236o immediately makes its ap- 
pearance with the same optical density as normally results from irradiation at this pH 
(Fig. 5). 

As already mentioned above, desoxycytidylic acid (lifters appreciably from the 
other nucleosides and nucleotides in photochemical behaviour in that @ is considerably 
lower in the pH range 7 - I I .  On(: further significant difference is that the maximum at 
236o A resulting from irradiation makes its appearance only on the alkaline side of 
pH 8, while its height is less than that for the other compounds in this group (Fig. 6). 
In other respects its behaviour is qualitatively similar. 
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~'L.' 

~-~ I \ 

',;\ \\ 

k_ 
Fig. 5. Galactopyranosylcytosine in water. 
- -  prior to irradiation; . . . . . .  after  25' ir- 
radiation; . . . . .  pH brought  to 7.2 following 
irradiation; . . . . .  after  18 h at  room temp. pH 
7.2 (time for 50% reversal about  2 ~z h) or after 

3' a t  7o°C. 

\ ", 

z~ ~ m aw xcX;- 

Fig. 6. Desoxycytidylic acid at  pH 8. 4. - - - -  
prior to irradiation; . . . . . . .  following x45' ir- 
radiation; . . . . .  after  i8 h at room temp. or 

5' at  7o°C. 

Since one of the principal objects of this s tudy has been to gain information that  
may be of assistance in subsequent interpretations of the photolytic behaviour of 
nucleic acids 6, our efforts here were devoted to a comparison of the behaviour of the 
various analogues of cytosine, and particularly the nucleosides and nucleotides. A few 
additional points are, nonetheless, worth noting. Insofar as the reaction order is con- 
cerned we have found this, with one or two exceptions, to be unity as was previously 
reported by SINSHEIMER 2 for uridine. WANG et al.  5 present the photolysis of 1,3-di- 
methyluracil as a zero order reaction, but this is obviously due to the fact that  they 
irradiated high concentrations such that  lOO% of the incident energy was absorbed 
during most of the course of the reaction. There are, however, one or two instances 
where we have found the reaction not to be strictly first order, the net result being a 
variation in quantum yields during the course of photolysis; such is the case for py- 
ranosylcytosines at pH 13 and 14 (see Table I). 

Although we have made no detailed study of the effect of concentration on the 
photolytic reaction (an increase of 5 × in concentration does not affect any of the above 
reported results) we have found, during at tempts  to isolate the photolysis product of 
2-methoxycytosine by irradiation of very high concentrations, that  the nature of the 
reaction may be profoundly modified under these conditions. In addition, in buffered 
media the buffer itself apparently may have some effect not only on the photolytic 
reaction but on the subsequent reversibility as well. A case in point is cytosine (see 
above). A more striking example is that  of galactopyranosylcytosine in I M Thorell 
buffer pH i i ,  in which the quantum yield for photolysis is lower than in lO -3 N 
NaOH, while the reverse reaction is considerably faster. 

DISCUSSION 

On the basis of a study of the rates of the forward (photolysis) and backward (dark) 
reactions in ordinary and heavy water for cytosine, cytidine and I-methyluracil,  it 
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was concluded that, its for 1,3-dimethyluracili, r,, the photocht, naical re'action in the 
case of cytosine anti its nncleosidt,s and nucleotides inxolve~ also the addition of a 
water molecule across the 5:~ douhle hond with the ()H group iil position 6". Table II 
presents some of tim results and, for comparison, .¢,INSIIF.I.MI-R's '2 values of 4) for uracil 
and uridine. It  shoukt be noted, in particular, that the photolysis of thymine, which is 
not reversible, proceeds with the lowest quantum yield in ordinary water; in addition, 
in contrast to those compounds which exhibit reversible t)hotolysis, its quantum yield 
in heavv water increases instead of decreasing. 

T . \ B L F  I I  

Q U A N T U M  Y I E L D S  FOR P H O T O L Y S I S  OF S E V E R A L  P Y R I M I I H N F .  D E R I V A T I V E S  

~l) (mole;einstein × re ~) 
C m n p o u n d  . . . . . . . . .  

in l).¢) in  I f : 0  

I ' r a c i l  ~j.o 
U r i d i n e  ..... 22 
1 - M e t h y l u r a c i l  5.7 t -'.5 
( ' v t i d i n e  4.2 ~.o 
( " y t o s i n e  o. 7 1.7 
T h v m i n e  o.<~ * 0 .  4 * 

" R e a c t i o n  n o t  r e v e r s i b l e  in t h e  ( l a rk .  
" *  \ : a l u e s  g i v e n  b y  SINSHEIMER 2, 

.5.2"* 
2 2  

The fact that  substitution of a methyl group on the number I nitrogen of cytosine 
does not markedly alter the quantum yield (in the case of uracil this is not so, q~ for 
I-methyluracil  being twice that  for uracil) suggests that the replacement of the methyl 
group by a sugar group, which does not fundamentally alter the character of the 
NIl )- -C(1, ) bond, will also not substantially affect the course of the photochemical 
reaction. Hence, if the reaction mechanism involves the addition of a water molecule 
across the 5 : 6-bond of the pyrimidine ring, the higher quantum yields for nucleosides 
and nucleotides (Table I) indicate that, in tile excited state, these molecules more read- 
ily take u l) water as a result of some strong intramolecular forces, resulting in such a 
distrihution of electron density in the cytosine ring that  the electron density on carhon 
6 is lower than in the molecules of cytosine and I-methylcytosine in their excited states. 

The existence of strong intramolecular forces between the I)yrimidine and carbo- 
hydrate rings in cytosine nucelosides may be inferred from an examination of the 
spectra of these compounds in neutral solution, as compared to that of I-methylcytos- 
ineS; the principal differences involve appreciable variations in the pK values of the 
amino groups, and the tendency towards the formation in the nucleosides of an addi- 
tional maximum in the region 23oo-24oo which is most clearly resolved in the case of 
pyranosylcytosines ~ (see also Fig. 5, spectrum for non-irradiated galaetopyranosyl- 
cytosine). In acid solution, on the other hand, the spectra of these substances are 
strikingly similar to each other and to that  of i-methylcytosine, suggesting a uniform 
structure for all of them; it is therefore hardly accidental that the quantum yields for 
all these compounds in acid solution art'. likewise almost identical (Table I). Another 
striking fact is that in the pH region 6-1o.5, where the quantum yields for group (b) 
compounds is ahnost one order of magnitude greater than for group (a), irradiation 
results in tile appearance of a new maximum at 23oo-236o A which in the cast, of 
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pyranosylcytosines clearly represents merely an increase in the height of the already 
existing one. It is also probably not accidental that pyranosylcytosines, which exhibit 
the largest degree of interaction as judged by the clearly resolved maximum at 2360 A 
of the normal compound, also exhibit the highest quantum yields for photolysis. 

The comparable values of • for the enol form of cytosine (pH 14, Table I), 
methoxycytosine in neutral solution* and nucleosides and nucleotides in the pH range 
6-11 (with the exception of desoxycytidylic acid), suggest a similar electron distribu- 
tion density in the cytosine ring of all these compounds. While for the enol form of 
cytosine and for 2-methoxycytosine there is little doubt about this, it is of course pos- 
sible that for the entire group of compounds this applies to them only in the excited 
state (see, however, below). When to this is added the observation that ~ for group (b) 
compounds decreases appreciably upon dissociation of the carbohydrate hydroxyls, it 
appears not unreasonable to expect that the factor responsible for increa_~ing the rate 
of uptake of a water molecule is some kind of strong interaction between the carbonyl 
group of cytosine and one of the carbohydrate hydroxyls. Such interaction leads to a 
similar distribution of electron density in the pyrimidine ring as the substitution of a 
2-methoxy group for the carbonyl group in cytosine, or the enolization of cytosine. 
The form of this interaction is probably that of a strong hydrogen bond between the 
cytosine carbonyl and a carbohydrate hydroxyl C(2 ) = 0...(HO)C', and most probably 
the 5' hydroxyl. Supporting such a suggestion are the findings of CLARK, TODD Am) 
ZUSSMAN 11 and ANDERSEN,  HAYES, MICHELSON AND TODD TM on 02:5'-cyclocytidine 
and 2'-desoxy-02: 5'-cyclocytidine, as weU as the relatively low ~ for desoxycytidylic 
acid in which the 5' hydroxyl is esterified. It is, however, not possible to exclude parti- 
cipation of the 2' and 3' hydroxyls in view of the difference in photochemical be- 
haviour of desoxycytidylic acid which exhibits a lower q~ than the other compounds 
of group (b), but still higher than that of cytosine. In all likelihood, involvement 
of these groups is of lesser importance, although cyclonucleosides of uracil and 
thymine have been shown to involve the 2' and 3' hydroxyls as well 13,14,1s. A study 
of the various isomeric and cyclic phosphates of cytidine might be expected to 
clarify this question and such a study is being undertaken. 

The observations of TODD et al. ~1,12 eliminate the possibility of the photochemical 
formation of a covalent bond such as in cyclocytidine, since such a compound is un- 
stable, its weakest point being the glycosidic linkage N(1)--C(~, ). In addition such a 

~3' 2' 

, f 
O-Q. .... ~ ~ ' N  ...... (HO)= ~N ~ ~ 

N H  2 

photoproduct would differ from cyclocytidine in that the 5:6 
double bond would be reduced, thus resulting in an even weaker 
glycosidic linkage in accordance with the normal behaviour of 
5,6-dihydronucleosidcs. 

The concept of a strong hydrogen-like bond makes it possible 
to explain the more ready uptake of water by the 5:6 double 
bond, since the oxygen of the carbonyl group of cytosine becomes 
positively charged, as shown in the accompanying diagram. The 
increase in the inductive effect of the carbonyl group results in 

* For 2 -me thoxycy to s i ne  ~ is IO- lo -3 a t  pH  7.2. This  c o m p o u n d  is one of several  2- and  4- 
m e t h o x y  der iva t ives  of cy tos ine  and  uracil which give re la t ively  s table  pho top roduc t s  a t  neu t ra l  
pH,  a p p a r e n t l y  w i thou t  r up t u r e  of the  pyr imid ine  ring. The  behav iour  of 2 -me thoxycy to s ine  in 
o rd inary  and  h e a v y  wate r  is s imilar  to t h a t  of cy tos ine  both  for the  forward and  backward  reac t ions  
(work in progress).  

Re[evences p. 364. 
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a diminution of the electron density on the number 6 carbon, facilitating ill this way 
the nucleophilie attachment of a water molecule at 5 : 6. 

The above explains also the behaviour of nueleosides and nucleotides in alkaline 
medium, since dissociation of the carbohydrate hydroxyls results in a destruction of 
the hydrogen bonds, and hence a decrease in ~. On the other hand the lack of reversi- 
bility in very alkaline medium (pH I3-I4) is due to tile instability of 5:6-dihydro 
derivatives under these conditions, which cause an opening of the pyrimidine ring Is. 

Such a type of hydrogen bonding in cytosine nucleosides is in disagreement with 
that proposed by FURr~F.RC ~7, who suggests hydrogen bonding between C~s ) and the 5' 
hydroxyl, a rather unlikely hypothesis in view of the nature of the C(6 ) - H bond (and 
lack of a labile hydrogen). It must however be borne in mind that FURm.:Rc;'s conclu- 
sions were based on a study of crystals and are not necessarily applicable in solution. 
The findings of'I"oI)13 el al. n~r,,  referred to above, indicate that in cyclic pyrimidine 
nucleosides the (covalent) bond between the pyrimidine and carbohvdrate tings in- 
volves the number 2 carbonyl group in the pyrimidine ring. 

Retnrning to the absorption spectrum of the photoproduet it appears, in view of 
the above, that the differences between the two groups of compounds has its source in 
the hydrogen bonding of the carbonyl oxygen and the sugar 5' hydroxyl. The charac- 
ter of such a hydrogen bond is partially that of an interaction of the type of a ~-donor- 
aceeptor hydroxyl hydrogen with a carbonyl group, at the expense of the ~-electrons 
of the latter. An interaction of such a type should result in an extension of the system 
of ~-electrons and a displacement of the absorption maximum towards the red, in re- 
lation to 5-hydro-(>hydroxy derivatives of cytosine and i-methylcytosinc. The latter 
two compounds do not exhibit a maximum in the range 215o-3oooA, like the keto 
forms of dihydro derivatives of thymine and uracil; the enol forms of the latter two 
derivatives do exhibit a maximum in the neighbourhood of 23oo A is. It is therefore 
probable that the maximum of the photoproduct at 236o A involves a similar electron 
transition. On this basis the maximum (or point of inflexion) at 23oo-237o in the spec- 
tra of cytosine nucleosides anti nucleotides would be the result of a similar electron 
transition with, however, a lower degree of probability as indicated by tile fact that 
the molar extinction is only about one-half that of the photoproduct. 

The implications of the above results, as well as those of ~;INSHEIMER 2 on uridylic 
acids, for the photochemistry of nucleic acids are of undoubted interest. Table II  shows 
how low ~ is for thymine as compared to uracil and cytosine. Our observations on 5- 
methylcytosine indicate an equally low quantum yield for this compound, as well as a 
lack of reversibility. ,~INSHEIMI'-'R 2 reports that thymidylic acid is about I ~200 as sensi- 
tiw~ to irradiation as uridylic acid; our own results indicate a quantum yield 1..'2o that 
for uridylic acid, trot this is of no major importance. The fact is that thymidylic acid is 
much more resistant to radiation than uridylic and cytidylic acids. It is reasonably safe 
to conclude that 5-methyl cytidylic and desoxycytidylic acids arc', equally resistant to 
irradiation. In addition, numerous observers have noted that purine% as well as their 
nucleotides, arc,' considerably more resistant to irradiation than pyrimidines 1< m,'-,.. It 
therefore follows that those components of nucleic acids which arc," most sensitive to 
radiation, viz. uracil and cytosine nucleotides, are at the same time those which ex- 
hibit the phenomenon of reversibility. It  is therefore by no means unreasonable to ex- 
pect that some degree of reversibility may be exhihited by nucleic acids ". Despite the 
low quantum yield for desoxycytidylic acid (Table I) the behaviour of desoxyribo- 

Rcp'r,'nces p. 36_ I. 
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nuc le i c  ac id  s h o u l d  r e s e m b l e  t h a t  for  r i b o n u c l e i c  acid .  I t  m u s t  of  cou r se  be  b o r n e  in  

m i n d ,  f r o m  t h e  r e s u l t s  p r e s e n t e d  a b o v e ,  t h a t  s e c o n d a r y  l i nkages  in t h e  nuc le ic  ac id  

cha in s ,  i n v o l v i n g  t h e  p y r i m i d i n e  r ings ,  m a y  c o n s i d e r a b l y  in f luence  t h e  deg ree  of re-  

v e r s i b i l i t y  for  i n d i v i d u a l  nuc l eo t i de s .  A t  a n y  r a t e  t h e  b io log ica l  i m p l i c a t i o n s  of t h i s  

p h e n o m e n o n  c e r t a i n l y  w a r r a n t  f u r t h e r  s t u d i e s  a l o n g  the se  l ines.  

W e  s h o u l d  l ike to  t h a n k  Mgr. P. BLICHARSKI for  h is  a s s i s t a n c e  w i t h  s y n t h e s e s ,  a n d  

Prof .  J .  HELLER for  his  k i n d  i n t e r e s t  in  t h i s  a n d  r e l a t e d  s tud ie s .  

SUMMARY 

I. Ultraviolet irradiation of cytosine, i-methylcytosine and nucleosides and nucleotides of 
cytosine under suitable conditions leads to the formation of unstable products which may be made 
to revert  to the original substance. 

2. The photochemical reaction probably involves the addition of a water molecule to the 5 : 6 
double bond of the pyrimidine ring, as for uracil derivatives. 

3. Quantum yields are presented for the above compounds over a wide range of pH values. 
A comparison of quan tum yields with the absorption spectra of the various compounds and their  
photoproducts indicates tha t  hydrogen bonding between the pyrimidine and carbohydrate rings 
plays an impor tant  role in the reaction. 

4. A comparison of the behaviour of i-methylcytosine and cytosine nucleosides (and nucleo- 
tides) suggests tha t  hydrogen bonding involves the pyrimidine carbonyl and the carbohydrate 
hydroxyls, and principally the 5' hydroxyl. 

5. The implication of the results, as regards the photochemistry of nucleic acids, is pointed 
out  and discussed. 
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