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1. Introduction 

DNA ligases [poly(deoxytibonucleotide): 
poly(deoxyribonucleotide) ligase EC 6.5.1] join 
single-strand breaks in double-stranded DNA by 
catalyzing the formation of phosphodiester bonds. 
These enzymes were first discovered in bacteria and 
phage-infected bacteria, and the properties of the 
weU characterized microbial DNA ligases have been 
reviewed [1 -5 ] .  

DNA ligases act in collaboration with DNA poly- 
merases during DNA replication and DNA repair. 
It has been shown that the DNA polymerases of 
mammalian cells differ considerably from the DNA 
polymerases of micro-organisms, and several reviews 
on the properties of mammalian DNA polymerases 
have recently appeared [6-11 ]. The mammalian 
DNA ligases also differ in many respects from 
bacterial DNA ligases, but the properties of  the DNA 
ligases of  higher organisms have not been previously 
reviewed. The present paper provides a summary of 
the features of this group of enzymes. 

2. General properties of eukaryote DNA ligases 

DNA ligases require a divalent metal ion and either 
ATP or NAD ÷ as a cofactor. The enzymes in bacteria 
(Escherichia colt, Bac;illus subtilis) require NAD ÷ 
[1-5,12] while ATP-dependent ligases are induced 
by several E. coli bacteriophages such as T4 and T7 
[1-5,13].  The DNA ligases of  mammalian cells 
and plant ceils uniformly seem to employ ATP as a 
cofactor, and no NAD+-dependent DNA ligase from 
a higher organism has so far been described. 

Bacterial cells appear to contain only a single DNA 
ligase, ha contrast, mammalian cells have two different 
DNA ligases [14-19] ,  which are serologically unrelated 
and respond in a different fashion to cell proliferation. 
These two mammalian enzymes have been called either 
'DNA iigase I' and 'DNA ligase IF, or 'cytoplasmic 
DNA liga~' and 'nuclear DNA ligase', The properties 
of DNA ligase I and cytoplasmic DNA ligase appear to 
be identical, and similarly the DNA tigase 11 and 
nuclear DNA ligase would seem to be the same 
enzyme. In addition, small amounts of a DNA ligase 
activity with properties similar or identical to those 
of DNA ligase [[ have been found in isolated mito- 
chondria [20]. The subcellular distributions of these 
enzymes have so far only been investigated in aqueous 
sucrose solutions. This fractionation method has been 
shown to be unreliable from the point of view that 
artificial leakage of re, clear enzymes into the cyto- 
plasm may occur during the isolation of nuclei [2 t ,22].  
Further, while most of  the DNA ligase I activity is 
recovered in the cytoplasmic fraction, a significant 
amount of DNA ligase I is also found in the nuclei 
[15]. Consequently, both the mammalian DNA 
ligases may well be primarily localized to the nuclei 
in vivo, and here we employ the designations DNA 
lJgase I and I1. 

3. Manunalian DNA ligase I 

The levels of DNA ligase activity are much lower 
in extracts from mammalian cells than from bacteria, 
and DNA ligase is most easily detected in extracts 
from tissues containing a high proportion of 
dividing cells. The dominating DNA ligase activity in 
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such organs is DNA ligase I, and consequently most 
studies on a mammalian DNA ligase have dealt with 
the properties of this enzyme. It has been partly 
purified and characterized from rabbit [23], calf 

[14,15,24-261, human [27,28], mouse [29], rat 
[ 16,191 and hamster [ 17,301 cells and tissues, but a 
homogenous enzyme is not yet available. A rabbit 
antiserum against 1 OOO-fold purified calf thymus 
DNA ligase I has been shown to equally effectively 

inhibit the enzyme from other calf tissues as well as 
the corresponding enzyme from human, mouse, rat 
and rabbit cells [ 15,191. DNA ligase I from several 

species has a broad pH optimum at pH 7.8 with 50% 
of its maximal activity retained at about pH 6.3. 

The optimal Mg’+ concentration is 0.010-0.015 M, 
and MgZ+ can be replaced by Mn2* but not by Ca2+. 

The activity of DNA ligase I at optimal Mg” concentra. 
tion is not further enhanced by the addition of 

NH’, ions, in contrast to the E. coli DNA ligase. The 
enzyme is relatively sensitive to inhibition by neutral 
salts, and the addition of 0.1 M versus 0.2 M NaCl to 
standard reaction mixtures causes a 50-75% versus 

an 85-97% inhibition [14,16,17]. DNA ligase I from 
rodent tissues is somewhat more sensitive than the 
calf thymus enzyme in this respect [31]. Reducing 
agents such as fl-mercaptoethanol or dithiothreitol are 
necessary for optimal activity, and treatment with 
parahydroxymercuribenzoate or iV-ethylmaleimide 

in the absence of such agents causes essentially 
complete inhibition. The enzyme functions effectively 
at quite low ATP concentrations, and has an appar- 
ent KM of 2 X lo-‘-l.5 X low6 [23,24,29,30]. 

Nevertheless, there is an absolute requirement for 
ATP, and NAD’ or GTP can not serve as alternate 
cofactors. The purified human enzyme appears to be 
unspecifically stimulated by the addition of other 
proteins present in boiled crude extracts to reaction 
mixtures [27,28], but it seems unlikely at present that 
DNA ligase I has an additional cofactor besides ATP. 
The enzyme is not significantly inhibited by either 
10m3 M hydroxyurea or 10e2 M caffeine [3 11. On 
heating in a buffer containing 0.3 M KCl, 0.05 M 
Tris-HCl (pH 7.4 at 2O”C), IO-’ M dithiothreitol, and 
lob3 M EDTA, DNA ligase I is 50% inactivated after 
5 min at 52°C and retains full activity after 5 min at 
45Oc [14,19]. 

DNA ligase I is a large enzyme. Mol. wt. estimates 
from sedimentation velocity and gel filtration data are 
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220 000 for the mouse enzyme [29], 175 000 for the 

calf enzyme [ 141, and 190 000 for the human enzyme 
[28]. Falaschi and co-workers [28] found that in 
freshly prepared human cell extract, the DNA ligase I 
activity is present in such a high mol. wt. form. On 
prolonged incubation of the crude extracts, or during 
enzyme purification, a new active form of the enzyme 

appeared of one-half the original mol. wt. Similar 
results have also been obtained with the calf thymus 
enzyme. These two forms of DNA ligase I are equally 
inhibited by antibodies against the enzyme and are 
heat-inactivated at the same rate [ 151 . It is not 
known if the smaller form of DNA ligase I is due to 
dissociation of a dimeric form of the enzyme into a 

monomeric form, or to dissociation of another 

strongly bound protein from the ligase. There are 
precedents for both models. Thus, the E. coli exo- 
nuclease I has usually been isolated as a monomeric 
species of a mol. wt. of 70 000, but when a more 
rapid and gentle preparative procedure is employed, 
the enzyme is instead recovered as a dimer of mol. 

wt. 140 000. The monomer and dimer forms are 
equally active, are inhibited in an identical fashion 
by antiserum against the enzyme, and have the 
same catalytic properties [32]. On the other hand, 
several proteins involved in DNA replication may 
interact specifically with each other, and the products 
of phage T4 genes 44 and 62 have been co-purified 
as a tightly bound complex of the two proteins [33]. 
It seems less likely that the small form of mammalian 
DNA ligase I is due to limited proteolytic digestion, 

because the conversion of the highly purified calf 
thymus enzyme to a smaller form occurs more 
rapidly in a buffer containing 1 M NaCl than i? 0.1 M 
NaCl. However, this point will not be finally settled 
until homogenous, high mol. wt. DNA ligase I 
becomes available. The first report on a DNA ligase in 

mammalian cells [23] dealt with the properties of 
the low mol. wt. form of DNA ligase I. 

Mammalian DNA ligase I acts by the same general 
mechanism as the microbial enzymes, with the inter- 
mediate formation of ligase-adenylate and DNA- 
adenylate complexes [l-5,34] . Thus, the mammalian 
enzyme catalyzes an ATP-dependent pyrophosphate 
exchange reaction [23], and a covalent enzyme- 
adenylate complex has been isolated after incubation 
of purified DNA ligase I with radioactive ATP [25]. 
This ligase-adenylate complex can join single strand 
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breaks in DNA in the absence of ATP, and one 
adenylate residue is released in each repair event. When 
DNA ligase I is purified by standard methods from calf 
thymus, part of the enzyme is recovered in the form 
of such an enzyme-AMP complex, and a small amount 

of ATP-independent DNA ligase activity can con- 
sequently be observed with the enzyme preparations 
[25]. Similar results have been obtained with a DNA 
ligase in the chromatin fraction of rabbit bone 

marrow [35] and with a rat liver cytoplasm DNA 
ligase [36]. A covalent DNA-AMP complex that is, 
presumably, a second reaction intermediate has also 
been recovered after brief incubation at 0°C of isolated 

DNA ligase I-AMP complex with DNA containing 
single strand breaks. Free AMP was released on further 
incubation of the isolated DNA-AMP complex with 
DNA ligase I and Mg*‘, in agreement with the notion 

that this complex is a reaction intermediate [26]. 

The above data indicate that the phage T4 DNA 
ligase and mammalian DNA ligase I act in the same 
fashion. A crude cell extract of TCinfected E. coli 

has about 500 times higher DNA ligase activity than 
the most active mammalian cell extracts under 
optimal assay conditions [25], and homogeneous 
T4 DNA ligase is an approx. 2000-fold purified 

enzyme [37,38]. However, it should not be concluded 
from such data that it might be necessary to purify the 
DNA ligase I about lo6 times in order to obtain a 

homogenous enzyme. Instead, the molecular activity 
of this mammalian enzyme appears to be much lower 
than that of T4 ligase. From the amount of active 
ligase-AMP complex formed, it may be estimated 
that the 1 OOO-fold purified calf thymus DNA ligase I 
[15] is at least 5% pure, but that the molecular 
activity of the enzyme appears to be at least 50 times 
lower than that of the T4 enzyme. The homogenous 
E coli DNA ligase [34] also has much lower activity 
than the T4 enzyme. 

Mammalian DNA ligase I joins single strand breaks 
in DNA with 5’-phosphate and 3’-hydroxy termini 

independent of the base composition of the DNA [28] 

In addition to the joining of single strand breaks in 
DNA, it has been observed with the phage T4 DNA 
ligase that it can also use a polyribonucleotide chain 
as a template for the joining of polydeoxyribonucleo- 
tides while the E. coli DNA ligase can not perform 
the latter reaction [39-411. Mammalian DNA ligase I 
is unable to join hybrid substrates of the type 

poly(rA) . oligo(dT), and clearly differs from the 
ATP-dependent T4 ligase in this regard. This restricted 

substrate specificity was first found for the human 
DNA ligase I 1281 and has been confirmed with the 

calf thymus enzyme [ 3 1 ] . 
Actively growing mammalian cells contain more 

DNA ligase activity than non-growing cells. Thus, the 

total DNA ligase activity in extracts from regenerating 
rat liver is about five times higher than in extracts 
from normal liver [42-44,361. Similarly, phyto- 
hemagglutinin-activated human lymphocytes have more 
DNA ligase activity than untreated lymphocytes [45] , 
and growing liver or kidney tumors contain more DNA 
ligase than normal livers or kidneys [44,46]. In a 
recent study of rat liver regeneration in which DNA 
ligase I and II activities were separately measured, it 
was found that the increased ligase activity in the 
regenerating tissue was due to a large increase in DNA 

ligase I activity, while DNA ligase II levels did not 
change significantly [ 193 . It has also been observed 
that DNA ligase I, in contrast to DNA ligase II, is most 
abundant in tissues with a high proportion of dividing 
cells [ 151. These data indirectly suggest that DNA 
ligase I is active in DNA replication, possibly acting 
together with the mammalian DNA polymerases 

(Y and/or y, which show similar responses to cell 
proliferation [6-l 11. 

4. Mammalian DNA ligase II 

DNA ligase II was discovered as an enzyme with 
chromatographic properties different from DNA 

ligase I, and hydroxyapatite chromatography remains 
a convenient method for separating the enzymes 
[14,15]. DNA ligase II only accounts for 5-20% of 
the total DNA ligase activity in actively growing 
mammalian cells and is more labile than DNA ligase I. 
Consequently, it has so far not been studied to the 
same extent as DNA ligase I, and the reaction 
mechanism of the enzyme has not been established. 
DNA ligase II is not antigenically related to DNA 
ligase I. Thus, rabbit ligase I antibodies do not 
detectably inhibit DNA ligase II, nor do they interact 
with the enzyme to form a complex precipitable 

with goat antibodies against rabbit IgG [ 151. Further, 
the level of DNA ligase II does not appear to vary 
significantly between non-growing and growing cells, 
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in contrast to that of DNA ligase I. This means that 
in normal rat livers, DNA ligase II accounts for about 

80% of the total DNA ligase activity, while in 
regenerating rat livers, which have much higher total 

DNA ligase activity, the DNA ligase II only accounts 
for 20-25% of the total activity [ 191. 

DNA ligase II has been partly purified and 
characterized from calf thymus [ 14,151, rat liver 
[ 16,18,19] , and baby hamster kidney cells [ 171. The 
enzyme from rat liver nuclei is 7000-fold purified in 

comparison with a liver extract but not homogenous 
[ 181. DNA ligase II has a pH optimum at pH 7.8, 
but in contrast to DNA ligase I it shows very little 
activity below pH 7.0. It requires Mg2’ or Mn2+ for 
activity, with an optimal concentration at about 
0.01 M Mg”, and Ca2+ does not satisfy this require- 

ment. At suboptimal concentrations of Mg” ions, 
the enzyme activity is stimulated by the presence of 
NI$ or similar monovalent ions. Neutral salts at 
higher concentrations are inhibitory, but DNA 
ligase II from rat or hamster is less sensitive in this 
regard than either DNA ligase I from the same sources 

or DNA ligase II from calf tissues. Thus, rat DNA 
ligase II is actually stimulated two-fold by the presence 
of 0.14 M NaCl in standard reaction mixtures and 
shows 30% remaining activity even at 0.30 M NaCl, 
while calf DNA ligase II is 50% inhibited by 0.10 M 

NaCl. The enzyme contains essential sulfhydryl groups, 
as a reducing agent is required for optimal activity 
and N-ethylmaleimide is strongly inhibitory. DNA 
ligase II requires ATP as a cofactor, and several other 
nucleoside triphosphates or NAD’ can not satisfy this 
cofactor requirement. However, the affinity for ATP 
is low, as the KM for ATP is 4 X 10e5 - 1 X 10e4 M, 
a 1 OO-fold higher value than that observed with DNA 
ligase I [ 18,311. DNA ligase II is not inhibited by 
10m2 M caffeine or by 10m3 M hydroxyurea [31] . 
The enzyme is unusually heat-labile and is inactivated 
with a half-life of 5 min at 42°C when heated under 
the conditions described above for DNA ligase I. 
DNA ligase II has a mol. wt. of about 85 000 and an 
asymmetric conformation [ 141. Estimates of the mol. 
wt. of the enzyme from gel filtration experiments 
[16,18] are therefore slightly too high. In addition 
to joining single-strand breaks in double-stranded DNA 
and polydeoxynucleotides independent of base com- 
position [ 181, DNA ligase II can also join oligo(dT) 
chains hydrogen-bonded to poly(rA) at 5-10% of the 
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rate of joining poly(dA) . oligo(dT), and thus appears 
to have a broader substrate specificity than DNA 

ligase I [ 3 1 ] . 

5. Mitochondrial DNA ligase 

Mitochondria contain DNA as well as several 
enzymes of DNA metabolism. The mitochondrial 

DNA polymerase has different properties from the 
DNA polymerases (Y, 0, and y, and is a fourth distinct 
DNA polymerase of mammalian cells [6-l l] . On the 
other hand, all enzymes associated with mitochondria 
are not necessarily unique to that cellular com- 
partment, e.g. the mitochondrial thymidine kinase 
may have identical properties with one of two extra- 
mitochondrial thymidine kinases, so the same enzyme 
appears to be found at two subcellular locations in 
that case [47]. Mitochondria contain little DNA 
ligase activity, and neither DNA ligase I nor ligase II 
is a predominantly mitochondrial enzyme [ 151. 
Recently, a DNA ligase has been isolated from rat 
liver mitochondria [20]. The activity is released by 
treatment with hypotonic solutions or neutral 
detergents as expected for an intra-mitochondrial 
enzyme, and it is very unstable unless a protease 
inhibitor is present during the initial cell homogeniza- 

tion. This DNA ligase appears to be identical with 
rat DNA ligase II, while it is clearly different from 
DNA ligase I. Thus, the mitochondrial enzyme has a 
mol. wt. of about 100 000 and a high KM for ATP, 
and the activity is stimulated by the presence of 
0.15 M NaCl in the reaction mixtures. Further, the 
mitochondrial enzyme behaves like DNA ligase II 
during gradient chromatography on phosphocellulose, 
and both activities have the same pH dependence 
and optimal MgC12 concentration [20] . It would 
appear that the same enzyme is present at two sub- 
cellular locations, i.e. in nuclei and in mitochondria. 

6. Virus-induced DNA ligases 

By analogy with the phage-induced DNA ligases 
in E. coli, it seems likely that large animal viruses, 
which are known to induce several different enzymes 
of DNA metabolism, would also code for a DNA 
ligase. However, relatively little work has been done 
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on this subject. In vaccinia virus-infected HeLa cells, 
the DNA ligase activity of the cytoplasm fraction 
increases 13-fold 3 h after infection [48] . The sub- 
cellular location and the induction kinetics, which 

were similar to those of other early enzymes believed 
to be virus-coded, suggest that an ATP-dependent 

DNA ligase is induced by vaccinia virus, but the 

enzyme has not been purified or further characterized. 
No DNA ligase activity was found in purified vaccinia 

virus particles treated with 2-mercaptoethanol and 
Nonidet P-40 to activate the particle-associated RNA 
polymerase [48]. In nuclear extracts of baby hamster 

kidney cells infected with Herpes simplex, an ATP- 

dependent DNA ligase activity has been found that 
does not adsorb to DEAE-cellulose under conditions 

when all detectable DNA ligase activity of uninfected 
cells is retained [49]. These data suggest that a new 
DNA ligase may be induced by the virus, or alter- 
natively that a host cell ligase in infected cells shows 
altered chromatographic properties. Many different 
temperature-sensitive mutants of H. simplex have 

recently been isolated [SO], so it might be possible 
to obtain direct evidence for the existence of a virus- 
coded DNA ligase in this case by searching for a 
virus mutant inducing a defective ligase. 

It seems less likely that small animal viruses induce 
their own DNA ligases, and for small, well characterized 
viruses such as papova viruses or RNA tumor viruses 
this notion can now essentially be ruled out, as the 
gene products of these viruses have been extensively 
studied. A two-fold increase in ATP-dependent DNA 
ligase activity is found after infection of resting mouse 
cells with polyoma virus, but this quite probably only 
reflects an increase in host enzyme activity in response 
to increased cellular DNA synthesis after virus infection 
[29,48]. Moreover, in human embryonic kidney cells 
infected with adenovirus 2 or 12 there is no increase 
in DNA ligase activity or any other indications of a 

virus-induced ligase [5 1 ] . Virions of RNA tumor 
viruses contain several enzymes of DNA metabolism, 
but with the exception of the virus-coded RNA-directed 
DNA polymerase these are likely to be host enzymes. 
The DNA ligase activity detected in disrupted virions 
of Rous sarcoma virus first appeared unusual in that no 
cofactor requirement could be observed [52]. How- 
ever, it was subsequently found that the virions con- 
tained ATP and other nucleotides [53]. It may be 
noted that DNA ligase I functions welI even at low 

ATP concentrations, so if this enzyme is trapped in 

virions, the small amounts of ATP intrinsically present 
may well have sufficed to support a reaction. Purified 

cores of Rous sarcoma virus have higher specific ligase 
activity than disrupted virions, indicating that the 
enzyme is associated with the cores [53]. 

7. DNA ligases in other eukaryotes 

DNA ligases from plant cells have been found and 
partly characterized in three different laboratories 
[54-561. A DNA ligase has been purified 600-fold 

from pea roots [54], and ligase activity has also been 
observed in extracts of cucumber, spinach, soybean 
[54], and carrot cells [55], as well as in micro- 

sporocyte cells from lilies [56]. In all cases, the plant 
DNA ligase required Mg2’ and ATP, and no activity 

remained when ATP was replaced with NAD’ or GTP. 
Further, a sulfhydryl compound was necessary for 

optimum activity, and the levels of DNA ligase activity 
in cell extracts were similar to those found with 
mammalian tissues. It is not known if there is more 

than one DNA ligase present in plant cells, and no 
studies on the reaction mechanism of a plant ligase 
have been performed. Extracts of plant roots contain 
two to three times as much DNA ligase activity as 
extracts of leaves, and most of this ligase is found in 
the cell nuclei. Chloroplasts from pea leaves contained 
about 22% of the total DNA ligase activity of leaves, 
while little ligase activity was detected in isolated 
mitochondria [54]. The finding of substantial amounts 
of ATP-dependent DNA ligase activity in chloroplasts 
is interesting, as these organelles contain covalently 
closed circular DNA [57]. In other experiments, it 
has been observed that the amount of DNA ligase 
activity in crude cell extracts from naturally synchro- 
nous lily microspores varies considerably during the 
cell cycle, but it seems difficult to interpret these 
changes [56,58,59]. No detailed studies have to our 
knowledge been performed on DNA ligases in lower 

eukaryotes. However, an ATP-dependant DNA ligase 
has been partly purified from yeast (0. Berglund, 
personal communication). 

8. Other ligase activities in mammalian cells 

Two different ligases are induced in E. coli by 
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phage T4, the wellknown DNA ligase [l-.5] and an 

ATP-dependent RNA ligase [60]. The latter enzyme 
converts single-stranded poly(rA) to a circular form, 

and extends the chain length of a poly(rI).poly(rC) 
substrate [60,61]. It has recently been reported that 

this enzyme also can join DNA at a slow rate, suggest- 
ing a role in DNA metabolism for the enzyme [62], 

but its physiological function is presently unknown. 
An RNA ligase activity has been reported to be 
present in the cytoplasm fraction of mammalian cells 

[61,63] , but the experiments could not be confirmed 
in a separate investigation [64] . Neither DNA ligase I 

nor DNA ligase II joined poly(rI).poly(rC) to a 
detectable extent under conditions when the T4 RNA 

ligase was clearly active, so neither of these mammalian 
DNA ligases seems to be able to act as an RNA ligase 

WI. 
In addition to DNA ligase, all cells apparently 

contain an enzyme that can untwist DNA by intro- 
ducing a single-strand break and then rejoin it [66]. 

Such a ‘nicking-closing’ enzyme has been purified 
from mammalian cell nuclei [67-691. This enzyme 
has no cofactor requirement, and it has so far not 
been possible to dissociate the ‘nicking’ activity from 
the joining activity. Thus, it is clearly a different 
enzyme from the mammalian DNA ligases discussed 
previously in this review. 

9. Physiological aspects 

The presence of two different DNA ligases in 

mammalian cells makes it seem likely that these two 
enzymes play different roles in mammalian DNA 
metabolism, and it would be of obvious interest to 

define their physiological functions. Several methods 
are now available to characterize the in vivo properties 

of mammalian enzymes acting on DNA, and pre- 
liminary results have already been obtained by three 
different approaches. Conditionally lethal mutant 
cell lines with defective DNA synthesis have been 
isolated from mouse cell lines [70,71] . One such 
mutant, cs Al S9, shows a defect in joining of newly 
synthesized DNA fragments to longer chains while 
DNA repair ability remains normal under the 
restrictive conditions. It was proposed that ts AlS9 
cells might have a defect in a DNA ligase specifically 

involved in DNA replication [70] . However, direct 
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measurements of the DNA ligase I and II levels in this 
cell line have not yet been performed. In another 
type of experiment, the total DNA ligase activity in 
extracts from DNA repair-defective human fibro- 

blasts derived from different complementation groups 

of xeroderma pigmentosum was measured. No clear 
difference between the xeroderma pigmentosum cells 
and control fibroblasts could be discerned [72], but it 
should be noted that DNA ligase I and DNA ligase II 

were not separately measured. DNA-synthesizing 
semi-in vitro systems have recently been established 
from several types of uninfected and virus-infected 
mammalian cells. It has been shown that isolated 

nuclei from polyoma virus-infected mouse cells 
continue to replicate virus DNA with the aid of 
cellular nuclear enzymes, but that during extensive 

washing of the nuclei cellular enzymes leak out 

so that DNA synthesis is reduced. Addition of 1 OOO- 
fold purified mammalian DNA ligase I to such 
enzyme-depleted nuclei results in an increase in the 
chain length of the newly synthesized DNA, showing 
that DNA ligase I can serve to join nascent fragments 
of DNA in this semi-in vitro system [73]. It seems 
likely that this type of complementation test could 
also be applied to mutant cells such as the ts AlS9 
line. A detailed delineation of the physiological roles 
of the two mammalian DNA ligases and other mam- 
malian enzymes of DNA metabolism, employing the 
techniques of molecular genetics so successfully used 

with micro-organisms, no longer appears insurmoun- 
tably difficult. 
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