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The Chairman, Professor GRANIT, called for comments on their work 
from the authors, which they might like to add in the light of the 
rapporteur's report. 

CHESSIN (U.S.A.) wondered if it was fair to hold the fact that there 
is considerable photo-inhibition (PI) of clover yellow mosaic virus by 
visible light alone, against the demonstration of photoreactivation 
(PR) in this virus. PI is relatively uncommon in plant viruses and in 
only one other virus, tomato spotted wilt virus, has it been shown to 
occur, and perhaps PI and PR should not be associated together. The 
question arises, however, whether PR of R N A in viruses and other 
biological entities is the same as that found in irradiated D N A . The 
wavelength dependence of the reactivating light used is essentially the 
same as that effective for reactivation of D N A . Only light below 500 
nm has any effect but, so far, no detailed action spectrum is available. 
It would be interesting to know if the action of light on R N A occurred 
by a mechanism of photoprotection, as studied by JAGGER, or by true 
photoreactivation. As all known plant viruses contain RNA and not 
D N A the effect of light must be on RNA, but little further work has 
been done on this system. For example, the temperature dependence 
of PR on R N A has not been tested nor the possible role of PR enzymes 
in this system been investigated, nor even an attempt to demonstrate 
PR in irradiated RNA-containing animal viruses has been made. 
However, CHESSIN did agree that JAGGER'S doubts about the similarity 
of PR in RNA and D N A was justified. Unlike the results obtained by 
SETLOW and others, KLECZKOWSKI has found that PR of tobacco 
mosaic virus is not due to reversal of dimerization of pyrimidine bases. 

C O O K (U.S.A.) re-emphasized that in echinoderm zygotes he is 
measuring cell division delay and not effects on cell survival. This 
suggests that the action of u.v. is affecting the rate of D N A synthesis 
and is not causing its blockage. This is a clear demonstration of u.v.-
induced delay in division which is sensitized by the incorporation of 
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bromodeoxyuridine into D N A , and it seems likely that the whole 
effect is due to damage to D N A , but until the photochemistry of the 
system has been elucidated little further can be said about the mechan-
ism of this delay in synthesis. 

HANAWALT (U.S.A.) added two pieces of experimental evidence, to 
his work quoted in the rapporteur's report, concerning random non-
conservative D N A replication in bacteria. First, there is the complica-
tion that large doses of u.v. must be used to show up this effect because 
of considerable synthesis of normal D N A , but this can now be 
minimized by allowing the bacteria to complete the normal D N A 
replication cycle before irradiation. This is done by inhibiting protein 
synthesis for 90 min. After irradiation, random incorporation of 5-
bromouracil (5-BU) into D N A still occurs, but normal synthesis of 
D N A does not. As previously reported by HANAWALT, bacteria which 
have completed the D N A replication cycle are more resistant to u.v. 
irradiation than exponentially growing cells. This may be due to the 
occurrence of repair of D N A before the normal replication cycle is 
resumed. Secondly, PETTIJOHN has found that there is no random 
synthesis of 5-BU into D N A of a thymineless mutant of E-coli B s _ ! 
after u.v. and this is consistent with SETLOW'S finding that this strain 
is unable to excise thymine dimers after u.v. 

PITTMAN (U.S.A.) underlined the point that the evidence that the 
lesion in u.v.-irradiated haploid yeast occurs in RNA is indirect. 
However, there are two findings which suggest that the damage occurs 
in RNA rather than in D N A . Mutants have been obtained in which 
PR of the extrachromosomal mutation is blocked whereas PR of 
killing and of gene mutation is not. In light of RUPERT'S isolation of the 
PR enzyme from baker's yeast it was important to determine whether 
or not the gene mutants studied by PITTMAN, which control the PR of 
the extrachromosomal factor, also control the synthesis of RUPERT'S 
enzyme. RUPERT found that these mutants, and also the wild-type 
strain, all contain large amounts of the PR enzyme. 

Since the extrachromosomal mutants contain the PR enzyme then 
the D N A which the enzyme acts on is certainly not that D N A involved 
in extrachromosomal mutations. This explains, parenthetically, why 
u.v.-induced zero point and delayed mutations in bacteria and extra-
chromosomal mutations are qualitatively similar, if it is assumed 
that killing and gene mutations in bacteria and killing in yeast are 
photoreactivated in the presence of RUPERT'S PR enzyme. 

PITTMAN added that SARACHEK has studied mutation fixation in 
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u.v.-irradiated yeast in an analogous manner to those experiments 
performed by W I T K I N and DOUDNEY and HAAS in bacteria. He has 

found that gene mutation and fixation and PR is similar to that found 
in bacteria. However, mutation induction of the extrachromosomal 
factor is different. PITTMAN, and also MARCOVICH and MOUSTACCHI, 
found that 5-fluorouracil (5-FU) effectively produces extrachromo-
somal mutations. PITTMAN also found that 2,6-diamino purine exerts 
a similar effect but that 5-BU does not. These and other findings lead 
to a tentative conclusion that if there are two primary biomolecules, 
one RNA and one D N A , in which damage is photoreactivable then 
the evidence is best interpreted in terms of an RNA lesion. A possible 
explanation of the occurrence of both zero point and delayed muta-
tions in yeast was put forward by PITTMAN. In 72 h stationary-phase 
cultures only a small fraction of mutations of the delayed type are 
observed, but this proportion can be markedly increased if stationary-
phase cells are reincubated in nutrient medium for 1 h before u.v. 
irradiation. In the latter conditions the D N A content per cell has 
doubled and RNA has increased by a factor of two to four times but 
the cells have not yet budded. Thus delayed mutations may occur 
preferentially in those cells which have replicated or are still replicating 
RNA. However, PITTMAN added, the question of why zero point 
mutations and not delayed mutations are photoreactivable still remains 
unanswered. He postulated that nucleic acids are so arranged during 
some stage of replication that the u.v. lesions are primarily non-
photoreactivable. 

V A N DER PUTTE (Holland) felt that the positioning of radiation 
markers on the bacterial chromosome was not so chaotic as might be 
construed from J AGGER'S report. He restricted his further remarks to 
the markers controlling dark reactivation. It was difficult to map these 
loci in Hfr mutants prepared from E. colt B s _ ! (Hill) and from a syn~ 
strain isolated at Rijswijk because they do not take up pieces of 
chromosome easily. A large number of radio-sensitive mutants were 
isolated from E. colt B s and from E. coli K 1 2 including mutants of the 
B s _ t type which were unable to carry out host controlled reactivation 
(Her) of irradiated phage. Other mutants, dar 2 and dar4, which are 
much less radiosensitive, and which resemble E. colt B s _ 2 (Hill) in 
sensitivity, can perform Her to a considerable extent. However, 
mutant dar3, which is unable to perform Her, is less radiosensitive 
than either dar 2 or dar4, and therefore the processes of radiosensitivity 
and Her can be separated in these strains. Referring to the map of the 
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bacterial chromosome (Fig. 7, rapporteur's report), V A N DER PUTTE 
said that loci controlling sensitivity in mutants of E. colt Bs_1 were 
positioned as follows: Her near the isoleucine marker, dar 4 near 
histidine, and dar6 near galactose, and in a mutant, originally isolated 
by HOWARD-FLANDERS, dar3 is situated between methionine and 
threonine. Four loci are concerned with dark reactivation, and 
mutations which control radiosensitivity but not Her, dar 4 and dar5 

occur in the same position. Dar 2 is in the same position as Her. These 
results suggest that at least Her and dar5 are double mutants. 

SMITH (U.S.A.) said that although JAGGER had commented on the 
fact that 70 per cent of the u.v. lethal damage in bacteria is reparable 
and attributable to the formation of thymine dimers, it still left about 
30 per cent of the damage which was irreparable and which was not 
due to thymine dimers. This latter fraction may be largely the result 
of cross-linking between D N A and protein. SMITH made further 
comment on the bacterial strain with which he has been working, 
E. colt 15 T A U ~ , in which radiosensitivity may be modified by with-
holding certain nutrient requirements before irradiation. In this strain 
both sensitivity to killing and the amount of cross-linking of D N A to 
protein can be changed in parallel. The data suggest a direct correla-
tion between these two effects. On JAGGER'S comment that there is 
zero correlation between the lethal effect of u.v. and the amount of 
cross-linking between D N A and protein in strains E. colt B s and 
E. co/z B/r, SMITH pointed out that this did not necessarily argue against 
the apparent biological importance of cross-linking, because the 
formation of thymine dimers occurs to exactly the same extent in these 
two strains, although they have very different u.v. sensitivities. 
However, in E. coli B. there is no repair of thymine dimers and 
statistically, therefore, this is the more important lesion in the killing 
of this strain. On the other hand repair of thymine dimers does occur 
in E. colt B/r and in this strain non-reparable lesions will be the cause 
of cell killing. One of these lesions is likely to be the cross-linking of 
D N A to protein. 

JAGGER (U.S.A.) asked if either R . S E T L O W or KLECZKOWSKI would 
like to add to previous remarks concerning the lack of reversal of 
damage to u.v.-irradiated tobacco mosaic virus ( T M V ) by exposure 
to 240 nm radiation, which was found by KLECZKOWSKI. R . S E T L O W 
(U.S.A.) , in reply, said that he believed that dimer formation between 
adjacent pyrimidines could not entirely explain effects of u.v.-irradi-
ated polynucleotides. Even if all the inactivation of the RNA in T M V 
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was due to the formation of uracil dimers reversal of damage would not 
occur at 240 nm because the doses of this radiation, used by K L E C Z -
KOWSKI, were too small to effect any change. SETLOW did agree with 
KLECZKOWSKI that uracil dimers are not likely to be of major impor-
tance in the inactivation of T M V . KLECZKOWSKI ( U . K . ) added that the 
amount of energy required to inactivate T M V is too small to cause 
appreciable production of uracil dimers and he concluded that other 
types of damage are responsible for the activation of R N A in T M V . 
KLECZKOWSKI cited some recent experiments, made in collaboration 
with his wife, on a DNA-containing bacteriophage which is more 
sensitive to u.v. than even T M V - R N A , and again no reversal of damage 
caused by long wavelength u.v. could be effected by subsequent 
exposure to shorter wavelengths. The amount of energy used to 
inactivate the phage could not be expected to effect much dimerization 
of thymine molecules. 

KLECZKOWSKI pointed out to those who are not photochemists that 
they should beware of overemphasizing the importance of photo-
hydration and dimerization. These are certainly important in some 
systems, but in other systems other important photochemical reactions 
are likely to be discovered. In connection with dark reactivation he 
felt that the difference between H e r - and Hcr+ strains may not be due 
to lack of host controlled reactivation in the one strain, but that 
reactivation occurs to a greater extent in H c r + than in Hcr~. K L E C Z -
KOWSKI quoted recent data of WINKLER, who had found that in a R N A 
bacteriophage no photoreactivation and no host cell reactivation 
occurs, although the bacteria used were either Hcr+ or Hcr~ and the 
Hcr+ strains could photoreactivate other bacteriophages. He wondered 
how these results fitted in with the idea of reactivation of R N A being 
a dark reaction. On the subject of P R of damaged R N A , PITTMAN 
pointed out that he had found that no P R of free virus particles of 
MS-2, f2 and R - 1 7 occurs. These viruses contain R N A . However, P R 
does take place if the host cell-MS-2 virus complex, the only one 
studied so far, is irradiated very early in the eclipse phase. There is no 
evidence of damage to, or P R of, the host cell itself. 

In view of the discussion on the lack of P R in T M V - R N A , SMITH 
drew attention to work by GORDON, who had found cross-linking 
between protein and R N A in u.v.-irradiated T M V . This implied that 
the lack of P R in this virus is due to cross-links preventing R N A from 
coming out of the virus and being able to react with the P R enzyme. 
KLECZKOWSKI interposed to say that lack of P R in T M V was not due 



86 P H O T O C H E M I S T R Y OF N U C L E I C A C I D S 

to the fact that the RNA cannot get out of the cell. If T M V is irradiated 
and the RNA is extracted, it is still not photoreactivable. SMITH 
pointed out that this was not his own work, but it was his interpretation, 
although possibly not GORDON'S, that the protein is still attached to 
the RNA and somehow this could interfere with the repair process. 

R. SETLOW asked SHUGAR if there was evidence of hydration of 
cytosine molecules after u.v. irradiation of native D N A . SHUGAR 
(Poland) replied that there is no direct evidence of this but a fairly 
high degree of restoration of DNA, which has been exposed to various 
wavelengths of u.V., can be effected by heating the D N A after irradia-
tion. He concluded that the restoration, which is followed spectro-
photometrically, is due to a reversal of photohydration. However, 
about 15-20 per cent of the damage still remains, which must have 
been caused by some other mechanism. 

J .SETLOW (U.S.A.) asked SHUGAR, in the light of his introductory 
lecture, whether or not he thought it possible that the presence of a 
5,6 double bond in the dimer formed between thymine and 5-BU 
could be responsible for RUPERT'S finding that u.v.-irradiated D N A 
containing 5-BU competes for the PR enzyme, but that no dissociation 
of the thymine-5-BU dimer is effected. SHUGAR believed that this is 
likely to be so. He added that the structure proposed by HAUG for the 
photoproduct of T p B U is very similar to that of a thymine dimer, but 
it contains a cyclo-but£W£ in place of a cyclobutaw^ ring. Consequently, 
it would be expected to compete for the PR enzyme, even although it 
is not enzymatically dissociated like the thymine dimer. Further, 
SHUGAR believed that the fact that irradiated BU containing D N A 
competes for the PR enzyme provides supporting evidence for the 
structure proposed by HAUG for the photoproduct of T p B U . 

In reply to questions put by ALPER (U.K.), JAGGER said that he felt 
that the effective concentration of dark repair enzyme varies with cell 
type and growth phase, and also that there are probably a variety of 
repair enzymes in any given cell. He did not think that the variety of 
PR enzymes found in cells are induced in these after irradiation. In 
support of this he cited experiments in which restoration of bacterial 
cells is observed when the cells are held in distilled water for a period 
after u.v. irradiation. In such conditions, he believed that it was 
unlikely that cells would be able to synthesize inducible PR enzymes. 

In the light of a reference to the dark repair system from M. 
lysodeikticus found by RÖRSCH and his collaborators, RUPERT (U.S .A.) 
added that ELDER and BEERS reported independently the discovery of 
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the same system. They used bacterial transforming D N A , rather than 
infectious viral D N A , to assay the u.v. damage and its repair, but their 
results are generally consistent with those of the Dutch workers. 

RUPERT asked PITTMAN a question about one of his reasons for 
believing that he is dealing with RNA photoreactivation in yeast. How 
was it that certain genie mutants which are unable to PR the u.v. 
induction of non-genic mutations to respiratory deficiency, are, 
nevertheless, still able to PR with regard to survival ? These mutants 
contain the DNA-specific PR enzyme, and are themselves respiration 
deficient and are unable to utilize oxygen. SARACHEK has shown 
(Cytologia 23, 143, 1958) that normal yeast incapable of utilizing oxy-
gen during a period of anaerobic growth behaves in exactly the same 
way. Could PITTMAN be sure that it is not simply this lack of aerobic 
metabolism which somehow renders the mutable non-genic entities 
incapable of photorepair rather than the specific loss of an RNA-
repairing PR mechanism ? 

In answer, PITTMAN stated that the genie mutants in question did 
not show PR of extrachromosomal mutation when grown under either 
aerobic or anaerobic conditions. Under similar conditions the normal 
stock showed PR of this trait. PITTMAN also pointed out that two 
additional respiration-deficient, non-allelic genie mutants exhibited 
PR of the extrachromosomal factor thereby showing that the photo-
reversible character is not restricted to respiration-sufficient cells only. 

HUDNIK-PLEVNIK (Yugoslavia) reported some of her recent results 
on the comparison of the synthesis of D N A in normal and u n -
irradiated S. typhimurium. Several conclusions could be drawn from 
these. D N A from irradiated bacteria had a lower molecular weight 
and had a different polydispersity than that of normal D N A . The D N A 
synthesized after irradiation contained less thymine and more cytosine 
and guanine than normal, and measurement of the uptake of 3 2P into 
irradiated bacteria indicated that some lower molecular weight 
fractions of D N A were labelled preferentially with 3 2P , a phenomenon 
not observed in unirradiated bacteria. These differences from normal 
were observed only if D N A was synthesized after irradiation. These 
findings were at first difficult to interpret, but in the light of recent data 
obtained by BOYCE and HOWARD-FLANDERS, SETLOW and CARRIER, 

HEWITT and BILLEN and by HANAWALT and PETTIJOHN, they fit into 

a more readily defined pattern. For example, the lower thymine 
content of D N A synthesized after irradiation suggested to HUDNIK-
PLEVNIK that in 5 . typhimurium excised thymine dimers were not 
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replaced by thymine molecules. Further, she thought that the different 
polydispersity and the lower molecular weight of D N A synthesized 
after irradiation could be explained on the hypothesis that incomplete, 
damaged strands of DNA, from which thymine dimers had been cut, 
may serve as templates for D N A synthesis. Being shorter than the 
whole circular D N A molecule, lower molecular weight D N A of 
different polydispersity from normal will be synthesized. She added 
that good recovery of S. typhimurium was obtained after u.v. irradiation 
only when native D N A was supplied to the cells, suggesting a possible 
genetic recombination on single polynucleotide chains, within the 
deleted regions, had probably taken place with the strands of added 
D N A . 

The Chairman said that he could not close the session without 
paying tribute to NANSEN, who, in the early logo's, first reported 
systematically the appearance of recovery phenomena in irradiated 
yeast. HOLLAENDER said that scientific progress follows definite 
fashions. It was obvious many years ago that the nucleic acids are key 
compounds in the living cell, but it took a long time to make investiga-
tion of this field promising. In regard to recovery phenomena, he said 
we were only scratching the surface of this problem and there are many 
ways in which a cell may repair radiation damage. In bacteria, for 
example, recovery processes which occur rapidly and within the first 
ι ο min after irradiation takes place but he did not think that any of 
these had been discussed at this congress. He felt sure that within the 
next 4 years additional recovery phenomena will be found. Another 
aspect of recovery which has not been exploited to any extent is the 
effect of temperature on repair processes. Merely maintaining cells at 
freezing temperature after irradiation is not enough. More investiga-
tion is required on the effect of keeping cells at intermediate tempera-
tures at which recovery phenomena have been observed after exposure 
to ionizing radiation, but insufficient work has been done on this type 
of recovery in u.v.-irradiated cells. 


