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DN A is a metabolically active cellular component of bacteria. Transcrip-

tion and replication can proceed continuously throughout the growth
and division of bacterial cells. Enzymes methylate DNA bases and when they
have not acted restriction enzymes nick and break double-stranded DNA mole-
cules producing substrates for further degradation. When radiations or chemicals
damage DNA, repair enzymes either change or remove damaged portions, restor-
ing the DNA to its original state, or they deal with secondary lesions produced
by faulty metabolism of the unremoved primary lesions.

In addition to these realms of DNA metabolism there is the realm of genetic
recombination. A metabolic interpretation of genetic recombination will require
knowledge of the structures of the starting materials and end products of recom-
bination. It will also require a list of the enzymes or proteins catalyzing the steps
in recombination together with their activities and substrate specificities and
ultimately the intermediates and products of each step. Furthermore a metabolic
interpretation will require a knowledge of the regulation of the synthesis and
activities of the enzymes and other proteins of recombination. Finally the rela-
tionships between recombination and the other realms of DNA metabolism must
be stated as a list of common and unique intermediates and enzymes.

At present we are far from such a metabolic interpretation although consider-
able progress has been made. In the present report I shall emphasize work per-
formed in my own laboratory on the recombination of E. coli and bacteriophage
lambda. Several recent reviews (e.g., Rapping 1973; Crark 1973; HorcHEKIss
1971; SieNER 1971; WariTEHOUSE 1970) show this work to be but a small part
of the total effort on recombination. These reviews should be consulted to obtain
a truly accurate view of the progress toward a metabolic interpretation.

In my own laboratory I and my colleagues have concentrated on obtaining
three types of information: (1) a list of enzymes involved in recombination of
E. coli and their properties; (2) a description of the recombination behavior of
strains carrying mutations affecting these enzymes and the one or more path-
ways of recombination in which they act; and (3) a description of the relation-
ships existing between the pathways of recombination of bacteriophage lambda
and those of E. coli. The inclusion of lambda in our considerations of bacterial
recombination has many advantages not the least of which is the large amount
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TABLE 1

Properties of four enzymes associated with recombination of E.. coli and bacteriophage lambda*

ExoV Exol ExoVIII Exoh
Structural gene(s) recB, recC sbeB recE redX
Molecular weight 2.7%105d 5.5%104d ca1.3x105d 2.4x104d
(subunit)

Exonuclease activity}

Native DNA 2to 14 1 50 350

Denatured DNA 1 40,000 1 1
Direction of action

Native DNA 5'—=3 ;35 n.a. unknown 5—-3

Denatured DNA 5'—3 ;35 3—5 unknown unknown
Endonuclease activity}

Native DNA 1 — unknown —

Denatured DNA 10,000 — - —
Dependence of activity

on ATP + (exo) — — —

=+ (endo)

Action initiated at Nicks —_ n.a unknown —_

* Properties of ExoV were obtained from GoLpmArg and Linw (1972). Properties of Exol were
obtained from Lemmax (1960) and from Lruman and Nusssaum (1964). Properties of and
procedures for purifying ExoVIII will be published in a paper by S. R. Kusaner, H. Nacarsu1
and A. J. Crark. Properties of Exo\ were obtained from LirrLe (1967) and from CarTer and
Rappine (1971).

n.a. indicates that the subject is not applicable to the enyme in question. Minus sign indicate
no detectable acttvity is reported.

+ Activity on one substrate taken to be unity; other activity is relative to the first.

of current information on lambda recombination and replication which is being
obtained in several laboratories (e.g., see HersmEY 1971). In addition, the first
enzyme definitely associated with recombination is one determined by the redX
gene of lambda, the lambda exonuclease or Exor (Sicwver et al. 1968). The
properties of Exol are listed in Table 1. Most salient for this discussion are the
facts that this is a small enzyme which is much more active on native than on
denatured DNA and that it operates in the 5’ to 3’ direction preferring 5’-phos-
phoryl terminated strands (LirTiE 1967). As a result of this set of properties a
limit digest of native DNA contains about half the original substrate as high
molecular weight single strands and about half as mononucleotides (LiTTLE
1967). Another important property of ExoA is that it binds to but does not initiate
digestion from nicks in duplex DNA (Carter and Rabpping 1971). This property
together with those mentioned previously have inspired suggestions for several
ways in which Exo) may act to catalyze lambda recombination in particular and
recombination of bacteria and fungi in general (Cassuto and Rappine 1971;
Rapping 1973; MEeseLsoN and RappiNg, personal communication).

From E. coli a nuclease connected with recombination has now also been
characterized (Burtin and WrieaT 1968; O1sur 1969; Barsour and CLARK
1970). It is called exonuclease V (i.e. ExoV) and is determined by the recB and
recC genes. This enzyme, by contrast to Exo, is large and is composed of two
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nonidentical subunits of nearly the same molecular weights (GoLpmMARK and
Linn 1972). ExoV acts on native DNA but it does so at rates close to those on
which it acts on denatured DNA. The variable relative rates are determined by
the concentration of ATP, a cofactor which is required for both exonuclease
activities of ExoV yet which inhibits the activity on native DNA at high concen-
trations (GoLpmark and LinnN 1972). The limit digest of ExoV action on native
DNA consists entirely of acid soluble products (i.e., oligonucleotides and mono-
nucleotides) consistent with its ability to degrade both native and denatured
DNA (Goromarg and Linn 1972; TaANNER, NoBreGa and Orsu1 1972). In this
regard it also differs from Exol. Finally ExoV has endonuclease activity on
single-stranded DNA and a DNA dependent ATPase activity both not possessed
by ExoA (GoLpMARK and Linn 1970).

Clues to the functions of this complex enzyme are provided by examination of
mutants of the recB or recC genes (see CLARK 1973 and Rappine 1973 for specific
references). In absolute mutants all activities of ExoV are absence. In addition
the following effects are noted: (1) conjugational and transductional recombi-
nant frequencies are reduced to between 0.3% and 209 of wild type values;
(2) recovery of cells from UV and X irradiation and mitomycin C treatment is
reduced; and (3) nondividing cells and cells capable of only a small number of
divisions occur at appreciable frequencies. Attempts to interrelate these effects
theoretically ran into the difficulty that it was unclear which of the activities of
exonuclease V were involved in recombinational, repair and replicational metab-
olism. Recent experiments performed by S. KusunNEer (personal communication)
have yield the first evidence that the exonuclease activity of native DNA is
involved both in recombinational and repair metabolism. A mutant carrying
recB270 and recC271 was used for these experiments. This mutant strain was
originally described by Tomizawa and Ocawa (1972). At 30° this strain is
somewhat Rec- and somewhat UV*® compared with a wild-type strain. At 43°
it becomes more Rec~ and more UVS; thus it acts like a temperature-sensitive
mutant strain. From this strain Dr. KusanEer purified exonuclease V. He found
all four activities of this purified enzyme to be present in cells grown at 30° at re-
duced specific activities compared with the wild type. Of the four activities only
the double-stranded exonuclease was temperature-sensitive. From these results
Dr. KusuNEr concludes that at least the double-stranded exonuclease activity of
ExoV is important for both recombination and repair.

At the present time it also appears that the double-stranded exonuclease activ-
ity may be involved in replicational metabolism since a culture of cells carrying
recB270 recC271 grown at 43° contains a higher proportion of inviable cells than
a culture grown at 30° (KusuNER, personal communication).

The synthetic abilities of nondividing inviable cells found in a culture of a
recB21 and recC22 mutant have been investigated by F. CaraLpo and S. D. Bar-
BOUR (personal communication). These cells do not perform vegetative chromo-
some replication as evidenced by their inability to incorporate radioactive thy-
midine. Their capacity to carry out repair synthesis or conjugational transfer
synthesis remains to be determined, but it would not be surprising to those in
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my laboratory and Davip ZusmaN’s laboratory to learn from Caparpo and Bar-
BOUR at some future time that it is initiation of vegetative chromosome replica-
tion and not the capacity for DNA synthesis which is irreversibly blocked in
these nondividing inviable cells.

One of the most intriguing metabolic features of the absence of exonuclease V
is the ability of different strains of E. coli to compensate for this absence indirectly
either by inactivating a constitutive DNA nuclease (Kusuner, Nacarsur and
CraRK, 1972) or by expressing an otherwise unexpressed DNA nuclease (Bar-
BoUR and Crarg 1970). In the first case mutations called sbeB- occur in what is
probably the structural gene of exonuclease I (i.e., Exol). In the second case mu-
tations called sbcA~ occur in what may be a regulator gene derepressing a DNA
nuclease we have called exonuclease VIII (i.e., ExoVIII). In each case the re-
combination deficiency, repair deficiency, and inviability of exonuclease V de-
ficient strains essentially disappears and the wild-type phenotypes are restored
(CapaLpo-KimBaLL and Barsour, 1971; TemprLiN and Crark, unpublished).
Drawing upon the concept that recombination is one type of DNA metabolism
BarBoUr and CrArk (1970) and Kusaner, Nacarsar and CLark (1972) hypoth-
esized that the indirect suppression activity of sbcB and sbcA mutations occurs by
facilitating or opening up pathways of recombination alternative to the one in-
volving ExoV and the recB and recC genes.

The hypothesis that Exol interferes with full expression of a pathway of re-
combination alternative to the RecBC pathway has been treated extensively in
two other articles (Horm and CLARK, 1973; CLaRK, 1973). At this time the prin-
ciple evidence for this hypothesis stems from the properties of several mutations
which block recombination of a recB- recC- sbcB- strain but do not block recom-
bination in a recB* recC+sbcB* or sbcB- strain. Three of these mutations fall
in the recF gene and the pathway which they affect has been called the RecF
pathway. A hypothetical relationship between the RecF and RecBC pathways is
shown in Figure 1. In this sbcB+ is shown determining the conversion of an inter-
mediate in the RecF pathway into an intermediate in the RecBC pathway. Pre-
sumably this conversion is performed by Exol whose sole activity seems to be the
digestion of denatured DNA to mononucleotides in the 3’ to 5’ direction (Table
1). Exol appears therefore to act indirectly on recombination by the RecF and
RecBC pathways. Further explanation of the RecF pathway hypothesis is to be
found in the articles previously cited (Horir and CLark 1973; CLARK 1973).

At this time I would like to examine the current evidence that ExoVIII par-
ticipates in a pathway alternative to the RecBC pathway. Since Exo VIII may
act directly in recombination it seems appropriate to compare its properties with
those of ExoV and Exol. Exo VIII has been purified by H. Nacaisur in my lab-
oratory with the collaboration of S. KusuNEr. A detailed report on this work is
in preparation (S. R. Kusa~ver, H. Nacarsar and A. J. CLARK, in preparation).
In Table 1 is a summary of our results. The enzyme is large with a subunit mo-
lecular weight of about 1.2-1.3 X 10°d as determined by SDS acrylamide gel
electrophoresis of a preparation about 909, pure. Preliminary evidence from
gels run on native protein indicates that the full enzyme may be composed of
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Figure 1.—Diagrammatic representation of hypothetical recombination pathways based on
the idea that ExoV and ExoVIII may be isozymes. Each frame represents the pathways avail-
able for recombination in a strain of the given genotype. Thick solid arrows indicate an indefinite
number of functioning steps in recombination. Thin dashed arrows indicate an indefinite number
of steps in recombination functioning at lower than maximal effectiveness. Doubled dashed
arrows indicate an indefinite number of steps in recombination which are not functioning
because of a genetic block somewhere in their sequence. The recombination phenotype is indi-
cated along with the approximate percent conjugational recombinants formed normalized to the
wild-type values as 1009,.

more than one subunit. In size therefore ExoVIII resembles ExoV rather than
Exol. By contrast in some of its other properties ExoVIII resembles Exox; for
example ExoVIII is not dependent on ATP for its activity and it has no endo-
nucleolytic activity on denatured DNA. ExoVIII is much more active exonucleo-
lytically on native than on denatured DNA, a property also similar to that of
Exo\. The crucial points are undetermined at present, however. We have not yet
obtained enough pure ExoVIII to determine the nature of its limit digest prod-
ucts. Only after additional work will it be possible to determine the direction of
exonucleolytic action of the enzyme and its end group specificity. Thus we can not
at present conclude from biochemical data that ExoVIII is an isozyme of ExoV,
an isozyme of Exox, or a nuclease with different exonucleolytic properties from
either of those recombination enzymes.

It is possible to obtain genetic as well as biochemical insight into the action of
ExoVIII. To do this I would like to discuss some data obtained by JANE GrLLEN
in my laboratory (Table 2). What Ms. GiLLEN has done is to test the effects of
the recF143 mutation on conjugational recombination in an ExoVIII+ ExoV-
Exol* strain. First consider the possibility that ExoVIII is an isozyme of ExoV
(Figure 1). In the first panel the RecBC pathway is shown operating in the pres-
ence of ExoV and the absence of ExoVIII consistent with a recB* recCtsbcA+
genotype. In the second panel mutations in recB and recC block the RecBC path-
way. According to this hypothesis the RecF pathway should be acting ineffectively
in recombination because of the presence of Exol; hence the recB- recC- sbhcA+
strain is Rec™. In the third frame the RecBC pathway is operating effectively
despite the absence of ExoV because of ExoVIII is present and is assumed to
be isozyme of ExoV. This is the hypothetical situation in a recB- recC- sbcA-
strain. According to this hypothesis a mutation in recF would not appreciably
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TABLE 2

Dependence upon recA and recF of bacterial and lambda recombinant
frequencies in different genetic backgrounds

Recombinant frequencies (%)

Exonucleases* Inferred Genotype Hir Lambda (A to J)
ExoV ExoVIII Exol Rec pathways recA  recF TL+[SmB] red*gam* red-gam~

o 6 30 20

- — + RecBC (mostly — + 8x10-¢ 2.2 0.03
e 6 4.5 2.8
+ 4+ 4 4.9 33
— -+ —+ RecE (mostly) — 4+ <6x10-5 4.5 2.9
+ — 6x102 36 26

4+  + 4 4.8 0.63

— — — RecF — 1x10-5 3.7 0.03

4+ — 6x10-¢ 2.5 0.01

4+ 4+ 3%102 45 029

— — -+ None (essentially) — -+ 3x10-3 3.8 0.02

+ — 3xX10-4 3.3 0.08

* To achieve the absence of ExoV recB2/ and recC22 mutations were used. To achieve the
presence of ExoVIII sbeA23 was used. To achieve the absence of Exol sbcBf5 was used.

+ Bacterial recombinants were produced in 60-minute interrupting matings using a Hayes Hfr
strain JC158 as donor. Threonine- and leucine-independent streptomycin-resistant progeny were
selected. susA- susJ/+ and susA+ sus/- strains of wild-type lambda or Abiof0 were crossed and
sust recombinants detected by standard methods (Uncer, Ecrors and CrLark 1972). Experi-
mental results, except for those in parentheses, are averages of two or more experiments.

affect the recombination proficiency of the strain since recF does not act in the
RecBC pathway. Ms. GiLLeN has found however that conjugational recombinant
formation is reduced to approximately 1% of recF+ levels by recF143 in the
recB-recC- sbsA-strain (Table 2).

The result indicates that ExoVIII cannot be completely isozymic to ExoV. We
have consequently formulated the hypothesis diagrammed in Figure 2. Verbally
expressed this hypothesis is that ExoVIII acts in a pathway of recombination par-
tially identical to the RecF pathway. For discussion we call this pathway the
RecE pathway to indicate the involvement of recE, the structural gene of ExoVIII.
In Figure 2 both the RecE and the RecF pathways contain a common interme-
diate which is the substrate for the recF product. Two ways of producing enough
of this intermediate to obtain wild-type recombination frequencies are shown:
(1) derepression of ExoVIII by an sbcA mutation and (2) inactivation of Exol
by an sbcB mutation.

At present we are considering two possibilities relating the RecE and RecBC
pathways. The first is that these two pathways are similar or even perhaps iden-
tical. At first this sounds like the same hypothesis rejected above. It isn’t exactly
since it is now based on the possibility that two or more enzymes are necessary
to replace the multifunctional ExoV. Thus ExoVIII might possess an exonucleo-
lytic activity on native DNA identical with the activity of ExoV on native DNA
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Freure 2.—Diagrammatic representation of hypothetical recombination pathways based on
the idea that ExoV and ExoVIII are not isozymes. See the legend of Figure 1 for a description
of the symbols. The very thick arrows between frames indicates the succession of changes from
wild type to recombination deficient strain which has two alternatives of indirect suppression
open to it for reversion to wild-type recombination proficiency.

and the recF product might possess an exonucleolytic or an endonucleolytic ac-
tivity on denatured DNA similar to these activities of ExoV. As a result both
ExoVIII and the recF product would participate in the RecE pathway. The sec-
ond possibility is that the RecE pathway is different from the RecBC pathway.
This hypothesis would be consistent with a finding that ExoVIII possesses an
exonucleolytic activity on native DNA different from that of ExoV, perhaps
identical to that of ExoA.

Support for the possibility that ExoVIII acts similarly to Exo\ has been ob-
tained by examining the effects of recA mutations on recombination of phage
lambda in hosts which lack ExoV (i.e., are recB-recC-) and contain ExoVIII
(1.e., are sbcA- recE+). Before looking at this evidence it is necessary to look at
the effects of recA mutations on bacterial recombination.

It is noteworthy that a role for the recA gene is not indicated in Figure 2. At
present it is not clear whether recA functions directly or indirectly in bacterial
recombination. E. Wrrkin during this Congress will propose that the recA prod-
uct is necessary for induction or derepression of a set of enzymes which are di-
rectly involved in repair and mutagenesis (Wrtkin 1974). It is not much of an
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extension to hypothesize that recA regulates the synthesis of recombination en-
zymes. According to this hypothesis recA does not belong in Figure 2 as the gene
determining any step of recombination; it is the genes regulated by recA which
eventually will find their place in such a diagram. On the other hand it is possi-
ble that recA will be found directly involved in recombination no matter how
many genes it may also regulate. One possible direct role for recA consistent with
this view is that of determining synapsis of homologous DNA elements.

I find either the direct or indirect role of recA to be compatible with our find-
ings that recA mutations block the RecBC, the RecF and the RecE pathways of
bacterial recombination (Horu and CLark 1973; GILLEN, ScARSELLA and CLARK,
unpublished data). Ms. GILLEN’s data on this point is indicated in Table 2 as a
list of the frequencies of conjugational progeny inheriting donor markers from
a standard Hfr strain crossed with recA mutants of various genotypes. In the
case of the single recA mutant Mark GUYER has carried out an analysis of this
type of cross in great detail (Guver and CrAREK, unpublished results) and finds
that the maximum possible recombinant frequency to be 109, of the wild-type
value. Most of the few progeny formed are F-prime strains which have inherited
donor genes by repliconation (for definition of “repliconation” check CrarRx
1967) and it is impossible to determine whether the F- strains present are recom-
binants or revertants. When recA- recB- recC- sbcA~ and recA- recB" recC- sbeB-
strains are crossed with appropriate Hfr strains a few progeny are formed at fre-
quencies as low as that observed with the recA single mutant. In these cases,
we have not examined the progeny to determine if they are F-prime or F- but it
seems reasonable to suspect that the RecE and RecF pathways are being blocked
in the absence of recA product as severely as is the RecBC pathway.

Tt is clear then that the recA product is necessary for the production of bacterial
recombinants by the RecE pathway and we may ask whether or not it is neces-
sary for the production of recombinants of phage lambda by the same pathway.
To perform this experiment we must take account of two facts: (1) lambda de-
termines the Exo\ which is used for its recombination and (2) lambda deter-
mines the gamma protein which inhibits the action of ExoV (UncEr and CLARK
1972; Saxkak1 et al. 1973). Essentially therefore when wild-type E. coli cells are
infected with wild-type lambda (i.e., red* gam™) the cells become phenotypi-
cally ExoV- ExoVIII- Exort. Under these conditions recA product is not re-
quired for recombination between the A and J genes of lambda (Table 2). Nor is
recF product required under these conditions (Table 2). The question we desire
to answer is whether or not recA product and recF product are required when in-
fected cells are ExoV- ExoVIIIt Exor~. In other words we want to know if
ExoVIIT will substitute for Exol in a recA and recF independent pathway of re-
combination. There are several ways of doing this experiment and at present Ms.
GirLEN has performed one of them. She has infected recB- recC- sbcA- strains
with lambda strains carrying the bio70 substitution for a segment of lambda
DNA carrying the redX and gam genes among others. Under these conditions
the infected cells have the desired nuclease phenotype ExoV- ExoVIII+ Exox~
and here, too, recombination between the A and J genes of lambda is completely
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independent of recA and recF (Table 2). Thus it appears that ExoVIII may be
able to perform the same function in lambda recombination performed by Exox;
in other words the enzymes may be functional isozymes.

If, when the enzymatic evidence has been obtained, ExoA and ExoVIII turn out
to be functional isozymes the question of chief interest will be what role recA
and recF play in the RecE pathway of producing bacterial recombinants that
they do not need to play in producing phage lambda recombinants. The possi-
bilities that lambda may determine functional analogs of the recA and recF
products or that incomplete recombinant lambda genomes may be packaged into
virions and completed in the indicator bacteria seem only remotely probable since
the recombination of biof0 derivatives of lambda is recA dependent in recB+
recC*t and recB- recC- strains which are sbcA+ sbcB+ and it is recF dependent in
recB- recC- sbcB- sbcAt strains. In the former strains the RecBC pathway is the
major bacterial pathway of recombination; in the latter strains the RecF path-
way is operating essentially exclusively.

Clearly most of the work from my own laboratory has been concerned with
discovering the enzymes associated with bacterial recombination through the
use of mutants. Effects of various combinations of the mutations discovered by
my coworkers or by others show a high degree of complexity of interaction to
produce bacterial or phage recombinants. My inclination is to use this complexity
to gain insight into the possible enzymatic mechanisms involved in recombina-
tion. In addition it is possible to view this complexity at the level of the inter-
relationships among the realms of DNA metabolism. Such an interrelationship is
particularly well brought out by the inhibitory effects of ExoV on rolling circle
(i.e., sigma) replication by lambda DNA and the requirement for sigma replica-
tion or recombination for the production of mature virions of lambda replication
(Exquist and Starka 1973; Stanw ef al. 1972a, b; HoBom and Hoeom 1972).

There have been other studies of the relationships between recombination and
each of the other DNA metabolic realms in both lambda-infected and in unin-
fected cells. A few examples will have to suffice in this limited space. Stpp1qr and
Fox (1973) have shown that “the insertion of [conjugationally transferred]
donor material is . . . restricted to a single newly formed strand of the recipient
DNA and double-strand integrations do not occur.” The involvement of the
dnaB product in conjugational recombination (Moopy and Lukin 1970; Star-
rions and Curtriss 1971; BEpNaRskA ef al. 1972) implicates some type of DNA
synthesis, possibly even vegetative chromosome replication, in recombination.
Transductional recombination in Salmonella occurs by double-strand integration
(EBEL-Tsre1s, Fox and BorsTeIn 1972). Recombination following the replication
of DNA containing UV photoproducts repairs the secondary lesions (i.e., gaps)
produced in the newly synthesized DNA (see e.g., Howarp-FLANDERs 1974).
UV irradiation stimulates recombination, possibly through recombinational re-
pair and possibly also through the induction of recombination enzymes (WiTkIN
1973). Restriction stimulates the recombination of bacteriophage lambda (S.
LEDpERBERG personal communication). Transcription of an operon either stimu-
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lates (HeLriNg 1967; DrexvLEr 1972) or inhibits (HErMAN 1968) or has no
effect (SuEsTaAkKOV and BarBoUR 1967) on recombination within that operon.

I have always found perplexing the complexities revealed by these studies and
many many others on eukaryotes as well as on bacteria and viruses other than
E. coli and lambda. Taken together with the idea that recombination occurs by a
single “mechanism” in all biological situations the validity of any one of these
relationships has appeared to invalidate the others. The solution to my perplexity
I have found satisfying is the idea that there are multiple pathways of recombi-
nation. One view of this solution is presented in Figure 3 as a visual framework.
This framework is based on a metabolic definition of recombination offered pre-
viously (Crark 1971): “recombination is any of a set of pathways in which ele-
ments of nucleic acid interact with a resultant change of linkage of genes or parts
of genes.” For want of a better term “synapsis” may be used to denote the inter-
action involved in recombination pathways. For want of a better biochemical
concept of synapsis the commonly accepted notion that synapsis involves the

Replication

Ficure 3.—Diagrammatic representation of hypothetical relationship among five realms of
DNA metabolism. Each realm is represented as the area within a circle except for recombination
which is bounded by segments of two circles. Stipled areas represent the overlaps of two realms
within which reactions are common. Arrows indicate one or more steps in a pathway converting
duplex chromosomal DNA to the intermediates or products shown. Reactions within each realm
are represented to be acting concurrenly on a single circular chromosome with esthetically placed
infoldings. “H. DNA” stands for homologous DNA; “Rpl int.” for a replication intermediate;
“Dam. DNA” for damaged DNA; “Brok. DNA” for broken DNA, ie., DNA with a double-
strand break; “Frag.” for oligonucleotide or mononucleotide fragments of DNA; “Rcmt. int”,
for a recombination intermediate and “Tsc. int” for a transcription intermediate.
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formation of duplex structures from locally single-stranded portions of nucleid
acid may be chosen. This separates recombination pathways into presynaptic and
postsynaptic portions preceding and succeeding synapsis respectively. To arrive
at the framework shown in Figure 3 T have postulated that recombination as a
realm of DNA metabolism will overlap the other realms of DNA metabolism to
the extent that some presynaptic steps in recombination will be identical to steps
in replication, repair, restriction and transcription. In these common steps single-
stranded portions of DNA will presumbaly be revealed. When homologous DNA
carrying complementary single-stranded sequences is available, synapsis will
occur diverting the common intermediate into a recombination pathway. When
no homologous DNA is available the common intermediates will continue along
pathways of replication, repair, restriction or transcription. Finally in order not
to exclude the possibility that some presynaptic recombination intermediates may
be found to be different from those in other realms or that there may be special
presynaptic enzymes of recombination or times at which recombination and none
of the other types of DNA metabolism are occurring I have included this possi-
bility in the framework.

This framework represents my best graphical effort to date and should not be
construed to be strictly accurate. For example I recognize that recombinant DNA
is not metabolically inert as is implied by the diagram. I also recognize that the
recombinational repair pathway hypothesized by Rupp and Howarp-FLANDERS
(1968) involves replication and this is not implied by the diagram. Despite these
and other flaws this particular framework permits me to envision a situation of
multiple pathways of recombination occurring throughout the biological world
with more or fewer steps in common with other realms of DNA metabolism de-
pending on the enzymes present and their properties. In other words in the ab-
sence of conclusive information it permits me to envision the possibility of a
metabolic interpretation of recombination.

Note added in proof: Subsequent work has indicated that the molecular weight
of ExoVIII determined by glycerol gradient sedimentation is 1.3 X 10° d. (GiL-
LEN, Nacarsar and CrLARk, unpublished data). Thus the enzyme appears to
have one subunit.
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National Institute of Allergy and Infectious Diseases. Also I am particularly grateful to S.
Kusaner, H. Nacarsar, L. Marcossian and all my other coworkers who have either provided
information prior to its publication, assistance with experiments or helpful suggestions or criti-
cisms of the ideas presented. Assistance in designing and drawing the graphs was provided by
N. Story and K. Prerin. The work was supported by Public Health Service Research Grant No.
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