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ABSTRACT
Bacteriophage T2 alleles are excluded in crosses between T2 and T4 because of genetic isolation between

these two virus species. The severity of exclusion varies in different genes, with gene 56, encoding an
essential dCT(D)Pase/dUT(D)Pase of these phages, being most strongly affected. To investigate reasons
for such strong exclusion, we have (1) sequenced the T2 gene 56 and an adjacent region, (2) compared
the sequence with the corresponding T4 DNA, (3) constructed chimeric phages in which T2 and T4
sequences of this region are recombined, and (4) tested complementation, recombination, and exclusion
with gene 56 cloned in a plasmid and in the chimeric phages in Escherichia coli CR63, in which growth of
wild-type T2 is not restricted by T4. Our results argue against a role of the dCTPase protein in this
exclusion and implicate instead DNA sequence differences as major contributors to the apparent species
barrier. This sequence divergence exhibits a remarkable pattern: a major heterologous sequence counter-
clockwise from gene 56 (and downstream of the gene 56 transcripts) replaces in T2 DNA the T4 gene
69. Gene 56 base sequences bordering this substituted region are significantly different, whereas sequences
of the dam genes, adjacent in the clockwise direction, are similar in T2 and in T4. The gene 56 sequence
differences can best be explained by multiple compensating frameshifts and base substitutions, which
result in T2 and T4 dCTPases whose amino acid sequences and functions remain similar. Based on these
findings we propose a model for the evolution of multiple sequence differences concomitant with the
substitution of an adjacent gene by foreign DNA: invasion by the single-stranded segments of foreign DNA,
nucleated from a short DNA sequence that was complementary by chance, has triggered recombination-
dependent replication by “join-copy” and “join-cut-copy” pathways that are known to operate in the T-even
phages and are implicated in other organisms as well. This invasion, accompanied by heteroduplex
formation between partially similar sequences, and perhaps subsequent partial heteroduplex repair, simul-
taneously substituted T4 gene 69 for foreign sequences and scrambled the sequence of the dCTPase gene
56. We suggest that similar mechanisms can mobilize DNA segments for horizontal transfer without
necessarily requiring transposase or site-specific recombination functions.

ACCUMULATION and fixation of multiple muta- Mutagenesis studies in phage T4, reviewed in detail
by Drake and Ripley (1994), have elucidated multipletions resulting in sequence divergence can ulti-

mately lead to the emergence of new species. Inhibition substrates, pathways, and enzymes that play important
roles in generating the raw material for evolutionaryof recombination because of sequence divergence is a
changes. It is now obvious that even mutations belong-major factor contributing to genetic isolation, that is,
ing to a given class, for example, frameshift mutations,species barriers (Radman 1991). SOS-inducible recom-
large deletions, or duplications, can be generated bybination and repair proteins play important opposing
more than one pathway. T4 DNA polymerase and itsroles in such genetic isolation (Vulić et al. 1997; Zahrt

accessory proteins play important roles in the fidelityand Maloy 1997) both in bacteria and in eukaryotes
of all these processes. Potential contributions of recom-(de Wind et al. 1995; Foster et al. 1996; Harris et al.
bination to T4 mutagenesis are more ambiguous.1996; Datta et al. 1997, and references therein). The

Exquisite and insightful sequence analyses of muta-accumulation of multiple mutations generating suffi-
tions in genes e (lysozyme), rII, ac, and others havecient divergence to establish species barriers is less well
shown that many frameshift mutations, base substitu-understood. It is thought to occur during rare physiolog-
tions, deletions, or duplications can be explained byical conditions of stress (Rosenberg 1994; Arber 1995;
Streisinger’s slipped mispairing model (Streisingerde Wind et al. 1995; Rosenberg et al. 1995, Hunter et
et al. 1966) and its variations (Drake and Ripley 1994;al. 1996; LeClerc et al. 1996; Matic et al. 1997; Torkel-

Wang and Ripley 1998, accompanying article). Slipped
son et al. 1997, and references therein).

mispairing that is potentially mutagenic can occur be-
tween simple or complicated repeats (Pribnow et al.
1981), in imperfect palindromes, or between nearly ho-
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over, topoisomerase-dependent staggered cuts, with as- Electron microscopy of heteroduplexes has revealed
a major heterology between T2 and T4 DNA in or nearsociated synthesis or degradation, can lead to additions

or deletions of a few base pairs (Ripley et al. 1988; gene 56 (Kim and Davidson 1974; Yee and Marsh

1981). Our comparison of the T2 gene 56 and its adja-Ripley 1990; Brown et al. 1993). Nevertheless, certain
frameshift mutations are still unexplained. Drake and cent regions with T4 DNA indicates that the major heter-

ology is because of substitution of T4 gene 69 for aRipley (1994) have discussed the possibility that pairing
of T4 DNA with ectopic foreign DNA sequences can completely different sequence in T2. Sequences border-

ing this heterologous region are partially diverged. Theygenerate mutations. This possibility is attractive because
there is ever-increasing evidence for transfer of genes contain, among other features, evolutionary evidence

for multiple base substitutions and frameshifts sugges-or gene segments between phages, resident plasmids,
and host genomes, which may contain complete or tive of slipped mispairings during recombination. We

propose a model to explain this unusual pattern baseddefective prophages (Hershey 1962; Campbell 1988;
Brüssow and Bruttin 1995; Hill et al. 1995; Brown on mispairing of ectopic sequences (Streisinger et al.

1966) and recombination-dependent initiation of DNAet al 1996; Kutter et al. 1996; Waldor and Mekalanos

1996; Calendar et al. 1998; Nelson et al. 1997; Tyndall replication (Luder and Mosig 1982; Mosig et al. 1991;
Mosig 1994), combined with a strong selection for aet al. 1997; Waldor et al. 1997). The evolution of tail

fiber genes and the transfer of mobile intron DNA are functional dCTPase.
To distinguish potential effects of differences betweenparticularly good examples of such exchanges in T4

(Clyman et al, 1994; Henning and Hashemol-Hos- the proteins from those of differences between the base
sequences of their genes on present-day exclusion ofseini 1994; Tétart et al. 1996). Repoila et al. (1994)

and Kutter et al. (1996) have summarized and dis- T2 by T4, we have constructed and tested chimeric T4/
T2 derivatives of gene 56. We found that at least twocussed the similarities and differences of the many T4-

related phages and the apparent horizontal transfer of mechanisms contribute to the apparent exclusion of T2
by T4, one of which depends on yet unknown hostgenes or gene segments to generate their present-day

mosaic genomes. functions. Results of our experiments probing the host-
independent mechanism, seen in CR63 bacteria, areThere are now numerous examples demonstrating that

moderate sequence divergence poses barriers against consistent with the idea that sequence divergence now
generates genetic barriers to recombination. Other re-genetic exchanges (Radman 1991). Kutter et al. (1996)

point out that “current concepts of homologous recom- sults argue against a role of the T4 dCTPase protein
in either the host-dependent or the host-independentbination cannot account for the formation of such chi-

meric genes, and the recombination mechanisms re- exclusion of phage T2 by T4.
sponsible are not known.”

Here we have investigated the interrelation of recom-
MATERIALS AND METHODSbination, mutagenesis, and exclusion in the genetic re-

gion encompassing gene 56 of the two closely related Bacteriophages are listed in Table 1. The T2 gene 56am
bacteriophage species, T2 and T4. Because this region mutation was obtained from S. Hattman in a T2 double

mutant agt-56am (Revel et al. 1965) that we crossed with wild-has been reported to be important for exclusion of
type T2 to isolate the single T2 56am.phage T2 by T4 (Streisinger and Weigle 1956; Rus-

Bacteria: E. coli B strains B, B/2, B/4, and S/6 (restrictive
sell and Huskey 1974; Okker 1981; Okker et al. 1981), for am mutants) and the K strain CR63 (supD) (permissive
we suspected that such experiments might yield insights for am mutants) were initially obtained from A. H. Doermann,
into how species barriers evolve and how they are main-
tained.

TABLE 1Gene 56 codes for a dCTPase, dCDPase/dUTPase,
dUDPase (called dCTPase hereafter), an enzyme essen- Bacteriophage strains
tial for normal development of all T-even phages (Kut-

ter and Wiberg 1969). These phages replace deoxycy- Phage Gene affected Source
tosine with deoxy-hydroxymethyl-cytosine in their DNA

T4 T4D wild type A. H. Doermannand then glucosylate these residues to various extents.
amE51 56 R. S. Edgar

These modifications protect T-even DNA from restric- amC153 56 J. Wiberg

tion enzymes that would degrade cytosine-containing tsA90 56 R. S. Edgar

DNA (for review see Carlson et al. 1994). Gp 56 pre- amN56 17 R. S. Edgar

amNG178 17 F. Arisakavents the incorporation of dC into phage DNA by hy-
T2 T2H wild type H. Reveldrolyzing dCTP and dCDP; its associated dUTPase activ-

agt-56am agt and 56 S. Hattmanity also prevents incorporation of U instead of T. It has
56am 56 This workbeen postulated that T4 dCTPase is responsible for the
T2 (T4 561-692) 56 This work

apparent restriction or exclusion of T2 development by T2 (T4 561-691) 56 and 69 This work
co-infecting T4 phage (Okker 1981; Okker et al. 1981).



1463Frameshifts in T-Even Phage dCTPases

then at Vanderbilt University, and have been maintained by added in T2 (relative to T4) are matched by equal num-
us since 1965. B/2 is resistant to T2 and B/4 is resistant to bers deleted bases nearby, as in compensating frameshift
T4. The K strain UT481 (supD), permissive for am mutants,

mutations, except for a triplet that adds an entire codonwas constructed and kindly sent by Cynthia Lark, University
in T2. In four internal segments of gene 56 (positionsof Utah, in 1985. The K strain M5219 (lN 1, cI857, supo) and

the plasmid vector pPLc2833 (Remaut et al. 1981) were kindly 140–160, 163–185, 319–349, and 491–519) T2 and T4
supplied by Walter Fiers, University of Ghent, Belgium. The sequences are identical for at least 20 bp, the length of
expression plasmid pLAM71* was constructed by Michael perfect homology required in yeast to initiate hetero-
Trupin in our lab by standard methods (Sambrook et al.

duplex formation (Datta et al. 1997), but less than 501989) by inserting a 1.9-kb T4 fragment with in vitro attached
bp, the apparent size limit for efficient T4 recombina-BamHI linkers into the BamHI site downstream of the lambda

PL promoter of plasmid pPLc2833. During or after construc- tion (Goldberg 1966; Bautz and Bautz 1967; Drake

tion of pLAM71*, T4 gene 69 acquired two mutations: one 1967; Singer et al. 1982; Singer 1988). After the stop
of five as preceding position 970 (Figure 1B) was deleted, and

codon of gene 56 (position 559) the sequences divergethe C at position 1515 (between two T runs) was changed to
completely. They converge again at position 948, theT. Thus, pLAM71* contains the wild type T4 gene 56, gene

69 with a frameshift mutation and parts of dam and soc. It was first base of the late promoter of soc (Macdonald et al.
used to transform E. coli M5219. 1984). There are several differences within soc, but fewer

Phage crosses were done in bacteria in H-broth at 378, using than within gene 56: the addition of an A at positionequal multiplicities of 3 to 6 of each of two parents, and
962, upstream of the coding sequence; the addition ofburst sizes and recombinant frequencies were determined as
an A at position 1019 with a compensating deletion ofdescribed (Mosig et al. 1977).

Thermocycle DNA sequencing was done without prior am- an A at position 1027; and the deletion of GAA at posi-
plification as described (Mosig and Colowick 1995), using tion 1038 in T2 as compared with T4.
DNA released from phage and denatured by heating to 958

A cloned T4 gene 56 complements a T2 gene 56 amas template and oligonucleotides end-labeled with [32P]- or
mutant without excluding it: Several independent inves-[33P]g-ATP as primers. DNA Inspector and Gene Inspector

programs (Textco, West Lebanon, NH) were used to analyze tigators have reported that T4 phage exclude T2 and
and align DNA sequences. National Center for Biotechnology that different T2 genes are differentially excluded
Information databases were searched with Basic Local Align- (Streisinger and Weigle 1956; Russell and Huskey
ment Study Tool and Position Specific Iterated-Basic Local

1974; Okker et al. 1981). The distinction between T2Alignment Study Tool (Altschul et al. 1997).
and T4 is based on their differential adsorption to B/
2 and B/4 bacteria, which are resistant to T2 and T4,
respectively. These differences reflect differences in theRESULTS
tail fiber genes and in the molecules used as receptors

The gene 56 DNA sequences are partially different,
in the cell wall of different bacterial strains (Henning

and sequences downstream of it are completely differ-
and Hashemol-Hosseini 1994). Differential exclusionent, in T2 and T4: We determined phage T2 DNA se-
became apparent when T4 am mutants in differentquences directly from virion DNA without prior ampli-
genes were crossed with T2 containing the correspond-fication (Mosig and Colowick 1995). This sequence
ing wild-type allele, and the progeny phage were plated(Figure 1A) is compared with the corresponding T4
on B/2 or B/4 bacteria to distinguish T2 and T4. Insequence and the deduced open reading frames (ORFs)
this situation there appeared to be fewer T2 than T4starting at the 210 region of a middle promoter at
progeny. In general, the apparent exclusion was strongerposition 16.819 of the T4 genome (Macdonald and
when the am mutations were located in the clockwise

Mosig 1984; Kutter et al. 1994; Figure 1B). Two T4 am
direction from the tail fiber genes. This locus-relatedmutations, and one T2 am mutation that we sequenced,
exclusion has been explained by assuming that spliceconfirm the reading frames of gene 56 in T4 and in T2.
recombination yields lethal combinations of certainA T4 ts mutation (A90) affects a conserved amino acid
genes whose products interact (Russell and Huskeyof gp56.
1974). However, the correlations are not strict. A fewGene 69 of T4, located between genes 56 (dCTPase)
alleles, foremost among them those in gene 56, ap-and soc (small outer capsid protein), appears to be re-
peared to be excluded even from patch recombinants.placed by two completely different short ORFs (T2 soc.1
To explain this effect, Okker et al. (1981)have proposedand T2 soc.2) in T2 DNA. Genes 56 and soc are partially
that the dCTPases of T2 and T4 are incompatible andhomologous in the two phages (Figure 2). The deduced
that this incompatibility is responsible for the exclusion.amino acid sequences of T4 and T2 dCTPase are 66%

To test whether the T4 and T2 dCTPase are function-identical (Figure 3), and a BLAST search (Altschul et
ally equivalent, we cloned the wild-type T4 gene 56 inal. 1997) shows them to be the closest relatives in the
an expression vector (Remaut et al. 1981) under controlnonredundant GenBank database. Closer inspection of
of a temperature-sensitive phage lambda cI repressor toFigure 2 shows that the T2 and T4 sequences are almost
give plasmid pLAM71*, and we asked whether it comple-identical between positions 1 and 91 (numbering of the
ments a T2 56am mutant. In this vector, T4 gene 56 isT2 sequence), but they diverge considerably beyond this

position in a remarkable pattern. All bases apparently repressed at 288, and it can be induced by raising the
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Figure 1.—Base sequences and predicted amino acid sequences of deduced proteins in the region between the middle
promoter of gene 56 and the late gene soc. (A) T2. (B) T4. (C) A map comparing the gene arrangements in T2 and T4. The
210 regions of the middle promoters upstream of gene 56 are doubly underlined. The late promoter upstream of soc is boxed.
The two possible T2 ORFs between genes 56 and soc are called soc.1 and soc.2. The T2 56am mutation at position 137 of the T2
sequence, the T4 amE51 mutation at position 512, the tsA90 mutation at position 614 and the amC153 mutation at position 817
of the T4 sequence are underlined. The numbering of the T4 sequence corresponds to the numbers in our Genbank submission
with accession number 30001.

temperature, usually to 428. Overproduction of gp56 and require antitermination factors or RNA-stabilizing
factors (Mosig and Hall 1994; Stitt and Hintonafter induction (Gary 1992, data not shown) required

co-expression of the lambda N (antiterminator) gene, 1994) to yield sufficient gp56 for phage growth.
The cloned T4 gene 56 produces dCTPase that isas expected from the regulation of gene 56 in T4-in-

fected cells (Linder and Sköld 1980). The middle T4 active after purification to homogeneity (Gary 1992).
It synthesizes sufficient gp56 at 308 to partially comple-promoter upstream of gene 56 is inactive in the plasmid-

bearing bacteria. Transcripts that are initiated further ment and allow plaque formation of the T4 gene 56am
mutants E51 and C153. Importantly, it complements theupstream, either from an early T4 promoter (Macdon-

ald and Mosig 1984) or from the lambda promoter T2 gene 56am mutant as well (Table 2), indicating that
the dCTPases of the two phages are largely compatiblein pLAM71*, are apparently subject to rho-dependent

transcription termination (Linder and Sköld 1980) with each other. This inference was confirmed by swap-
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Figure 3.—Alignments of the amino acid sequences of T2
(upper) and T4 (lower) dCTPases. Amino acids that differ are
printed in red; an additional amino acid in T2 is matched with
a dash in T4.

2 legend). In the other recombinant, T2(T4561-691),
T4 genes 56 and 69 have replaced the T2 sequences.
[Note that no other T4 sequences, except for some dam
sequences and three codons of soc, could have recom-
bined because they were not present in the plasmid.
The T2 (T4561 -691) recombinant contained the two
gene 69 mutations of pLAM71* described in materials

and methods, and it had acquired an additional A
in the A run of an untranslated region at positions
1647–1649 (Figure 1B). All three mutations are consis-
tent with Streisinger’s model for frameshift mutations.]
Both recombinants gave the same plating efficiencies
as wild-type T2. We conclude that incompatibility of
dCTPases is not the reason for exclusion of T2 by T4
phages.

Exclusion of wild-type T2 by wild-type T4 depends
on the host bacteria: During the course of our experi-
ments we found unexpectedly that wild-type T2 is not
excluded by wild-type T4 in E. coli CR63, a K strain. In
agreement with previous reports by other investigators,
wild-type T2 is excluded by wild-type T4 in E. coli B,
which is restrictive for T4 am mutants, as well as in the
am suppressing B su1 and the K strains UT481 and

Figure 2.—Alignments of the DNA sequences of T2 (up- M 5219, that is, regardless of the presence of amber
per) and T4 (lower) in genes 56 and soc that are partially

suppressors and regardless of whether they are B or Khomologous in T2 and T4 DNA. The completely heterologous
strains (Table 3, and data not shown). We surmise thatregion between these two genes is omitted and indicated by

two asterisks. Mismatches are printed red; unmatched bases are two separate mechanisms contribute to the apparent
indicated by dashes. In the chimeric phage T2 (T4 561692) the exclusion of T2 sequences. Hereafter we distinguish
sequence up to position 160 is replaced by T4 sequence. them as “restriction” and “exclusion.” We suspect that

the first mechanism, restriction, depends on host en-
zymes that probably cooperate with T4 functions. This

ping the promoter-proximal and promoter-distal se- aspect requires further investigation, which is ongoing.
quences of T2 and T4 gene 56 by recombination and Nevertheless, the lack of restriction in CR63 allowed
showing that the chimeric gene product is functional us to investigate the second mechanism, allele-specific
in vivo. From the progeny of pLAM71* plasmid-bearing exclusion, without the complications due to restriction.
bacteria that were infected with the T2 gene 56am mu- Sequence divergence excludes T2 gene 56 alleles
tant we isolated several T2 am1 recombinants. Sequenc- from the progeny of crosses with T4: Recombination
ing of the DNA revealed that in one of the recombi- frequencies decline rapidly with decreasing numbers of
nants, T2(T4 561-69 2), there was an exchange within identical base pairs below a certain minimal length. In
the gene 56 sequence at or before position 160 of the T2 T4 this minimal length is approximately 50 bp (Gold-

sequence, generating a chimeric dCTPase gene, without berg 1966; Bautz and Bautz 1967; Drake 1967;
Singer et al. 1982). Figure 2 shows clearly that there issubstituting T4 gene 69 for the T2 sequence (see Figure
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TABLE 2

Burst sizes of T2 and T4 phages from E. coli, with or without a cloned T4 gene 56, at 308

Phage

E. coli wt T2 wt T4 T4 amC153 T2 56am

M5219[pLAM 71*] (containing T4 gene 56) 79 108 42 32
M5219[pLc 2833] (without T4 gene 56) 80 110 0.1 0.2
B (without T4 gene 56) 94 130 0.1 NDa

ND, not determined.
a Does not produce plaques on E. coli B.

DISCUSSIONno segment of 50 identical base pairs in T2 and T4
DNA bracketing a T4 gene 56 mutation. Therefore, we Our results can be summarized as follows:
suspected, as proposed as one possible explanation by
Russell and Huskey (1974), that exclusion, at least in 1. A heterologous DNA segment differing in length
part, is because of low probabilities of recombination (Kim and Davidson 1974) and sequence (our re-
between T4 and T2 sequences in the genetic segment sults) in T2 and T4 is bracketed by two genes that
carrying the gene 56am mutation. The recombination code for proteins (dCTPase and gp soc) that are
hypothesis predicts that improving the degree of homol- similar in the two phages but show considerably more
ogy should enhance recombination and reduce exclu- sequence divergence than the dam gene immediately
sion. We tested this prediction by crossing T4 gene 56 upstream. In T4 the heterologous DNA segment en-
am mutants with three different strains: (1) wild-type codes gene product 69, which has some resemblance
T2; (2) the T2(T4 561692) hybrid, which has more to MobD, a member of a putative mobile endonucle-
homology than wild-type T2 with sequences upstream ase family of T4 (E. Kutter, personal communica-
of, but not adjacent to, the amber mutations; and (3) tion). In T2 the heterologous segment contains two
the T2(T4 561691) hybrid, which has perfect homology short possible ORFs (T2 soc.1 and T2 soc.2, Figure
around the amber mutations except for the mutated sites. 1) with no significant similarities with other proteins
These crosses were done in CR63 bacteria (to eliminate in the nonredundant Genbank database. We have
the contribution of host-dependent restriction). In sup- not yet tested the expression of the two T2 ORFs.
port of our hypothesis, the proportions of T4 am1 prog- 2. No obvious significant inverted and direct repeats,
eny (which must have recombined with T2) were 100 such as those that exist at or near ends of most trans-
times higher in the third set of crosses, in which homol- posable elements, bracket the heterologous regions.
ogy was restored, than in the two former sets (Table 4).

However, there is a complex palindrome, possibly
In fact, the proportions of T4 am1 progeny in the third forming a pseudoknot (Figure 4A) near the gene T4
set of crosses were similar to those in crosses with other 56/69 junction, and a different palindromic se-
genes in this area of the genome (Russell and Huskey

quence at the junction of 69 and soc (Figure 4B). In
1974). The overall proportion of viable am1 recombi-

RNA the latter structure regulates expression of soc
nants in crosses of T4 am mutants with wild-type T2

(Macdonald et al. 1984); the former structure is
from any gene in this area is low, a finding that has

probably involved in ribosomal frameshifting to allowbeen attributed to the inviability of splice recombinants
synthesis of a fusion protein combining dCTPase andin which incompatible T2 and T4 genes were joined to
gp69 ofT4 (Mosig and Macdonald 1986; A. Chang,

give lethal combinations (Russell and Huskey 1974).
L. Davenport and G. Mosig, unpublished results).

We consider this a satisfactory explanation.
3. In gene 56, four segments each sharing more than

20 bp identity in T2 and T4 are interrupted by seg-
ments with many apparently mismatched or un-TABLE 3
paired bases. Apparent additions of multiple bases

Percentage of T2 progeny produced in different E. coli in one sequence (relative to the other) are compen-
strains after coinfection with wild-type T2 and T4 sated by apparent deletions of the same numbers of

bases nearby (Figure 2). Nevertheless, the deducedBacteria Percent T2 Burst Size
amino acid sequences of T2 and T4 dCTPases (Fig-

E. coli B(8), (supo, B strain) 1.2 6 0.4 74 ure 3) are 66% identical, the genes complement each
E. coli CR63(3), (supD, K strain) 50.0 6 5.0 62 other, and the two proteins are the closest relatives
E. coli UT481(2), (supD, K strain) 1.2 6 0.1 72 in the current database.

( ), the number of times each cross was performed. 4. The extreme exclusion of T2 am1 alleles by T4 gene
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Figure 4.—Possible fold-
ing into secondary structures
of single-stranded nucleic
acid of sequences preceding
the stop codon of gene 56
(A) and adjacent to the late
promoter of soc (B), that is,
near the junctions of the sub-
stituted heterologous T2 and
T4 sequences.

56 mutants is relieved z100-fold (i.e., 100 times more that the product of gene 69 may play additional roles
T2 am1 alleles appear among viable T4 progeny) by in exclusion or restriction or both in other E. coli strains.
improving the homology of the DNA surrounding For example, gp69 might activate a host nuclease or
the gene 56 mutations. direct it to a T2 sequence. Gp69 does not contain one

of the three consensus motifs found in other mobile
Exclusion of T2 gene 56 alleles by T4 is related to

endonucleases (for reviews see Belfort and Robertssequence divergence: Our results indicate that the se-
1997, and references therein), including those pre-vere exclusion of T2 gene 56 in crosses with T4 gene
dicted for T4 (Gorbalenya 1994; Shub et al. 1994; E.56am mutants is in part because of the sequence diver-
Kutter, personal communication). Suspected interac-gence of these genes. This is consistent with the reduc-
tions of gp69 with host functions and its possible roletion of recombination when the distance between mis-
in exclusion require further investigation, which is inmatched base pairs is less than 50 base pairs (Goldberg

progress.1966; Bautz and Bautz 1967; Drake 1967; Singer et
In other systems, recombination between divergedal. 1982), because restoring sequence identity (except

sequences is reduced by mismatch repair proteins (Rad-in the mutated site) restores the proportions of the T2
man 1991; Datta et al. 1997; Kirkpatrick and Petes561 alleles, that is, wild-type recombinants, to the levels
1997; Sugawara et al. 1997; Vulić et al. 1997; Zahrtseen in neighboring genes.
and Maloy 1997). Recent results of Datta et al. (1997)This interpretation does not exclude the possibility
indicate that in yeast z20 bp of perfect homology are
needed to initiate heteroduplex formation and that mis-

TABLE 4 matches within 600 bp or more trigger the antirecombi-
nation activities of the mismatch repair enzymes. OurProportion of T4 am1 progeny in crosses of T4 gene

56am mutants with wild-type or chimeric T2 observation that gene 56 T2-T4 recombination is re-
stored only when homology with both genes 56 and

T4 am1 69 is restored supports the notion that similar length
among total am1

constraints exist for T4 recombination.
Phage strains progeny (%)

How did T4 and T2 gene 56 sequences diverge? Elec-
T4 amC153 3 T2(4) 0.009 6 0.002 tron microscopy of heteroduplexes made in vitro from
T4 amC153 3 T2(T4561-69 2)(2) 0.011 6 0.001 T2 and T4 phage DNA has revealed several so-called
T4 amC153 3 T2(T4561-69 1)(3) 1.50 6 0.1 substitution loops and many insertion loops (Homyk

T4 amE51 3 T2(2) 0.019 6 0.006 and Weil 1974; Kim and Davidson 1974; Yee and
T4 amE51 3 T2(T4561-69 2)(2) 0.014 6 0.006

Marsh 1981). These hetroduplex loops were aligned
T4 amE51 3 T2(T4561-69 1)(2) 2.12 6 0.05 with the genetic and physical maps by Kutter et al.

( ), the number of times each cross was performed. (1996). Insertion loops are readily explained by dele-
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tions, insertions, or transpositions of relatively large in the hybrid region evident in Figure 2. Alternatively,
the homoduplex regions were identical in the two pa-DNA segments. Acquisition or loss of mobile introns or

endonuclease genes (for review see Clyman et al. 1994, rental genes that recombined. We assume that strand
assimilation was terminated by an endonuclease cut atand Belfort and Roberts 1997) and illegitimate re-

combination between short ectopic sequence repeats the Y junction, and that this cut generated a 39 end in
the invaded DNA. Such a cut might have been triggeredresiding in the same genome (e.g., Homyk and Weil

1974; Pribnow et al. 1981; Singer 1988; Wu et al. 1991; by the failure of base-pairing in the completely heterolo-
gous region or by the formation of a complex secondaryDrake and Ripley 1994; Tétart et al. 1996, for review)

are prominent examples of sequence rearrangements structure, such as the one drawn in Figure 4A, in the
displaced single-stranded DNA near the junction, orevident as insertion loops.

The origins of heterologous regions revealed by sub- both. From this 39 end in the invaded strand DNA syn-
thesis was initiated, copying the unassimilated segmentstitution loops and the remarkable coincident sequence

divergence in neighboring genes that we describe here of the invading strand, and thereby covalently joining
the ancestral T4 gene 56 sequence and a copy of therequire additional explanations. We surmise that this

coincidence is related to the mechanisms that generated completely heterologous sequence of the invading ele-
ment, for example, gene 69. Similar series of recombina-such sequence exchanges on an evolutionary scale. A

current model of the interrelationship of T4 recombina- tional events may have occurred on the other side of
the heterologous region of the foreign element, that is,tion, recombination-dependent DNA replication (Mosig

1994), and probably DNA packaging (Franklin and in the soc region (Figure 2). The recombination inter-
mediate, still containing heteroduplex regions, was sub-Mosig 1996) can be adapted to explain this striking

pattern as depicted in Figure 5. For the present discus- sequently replicated, and the unrepaired different ver-
sions of the heteroduplex sequences segregated. Thesion, the most important aspects of this model are as

follows: (1) the formation of D-loops (displacement resulting sequence heterogeneity now contributes to
the apparent present-day partial barrier between theseloops) by invasion of partially single-stranded regions

at ends of DNA molecules into homologous double- two phage species. The initial pairing could have been
initiated by the recombinogenic ends of T-even chromo-stranded DNA; (2) the initiation of DNA replication

from an intermediate of recombination by two different somes (Doermann and Boehner 1963; Mosig 1963;
Womack 1963; Mosig et al. 1971), whose ends becomemodes, that is, from the 39 end of a single-stranded DNA

segment invading a duplex (“join-copy” recombination) single-stranded as a result of replication (Luder and
Mosig 1982; Dannenberg and Mosig 1983; Mosigto copy the invaded parent (Luder and Mosig 1982),

and from a 39-ended nick in the invaded DNA (“join- 1987) or by endonucleolytic cuts in or near the homolo-
gous DNA (Clyman et al. 1994; Kreuzer and Morricalcut-copy” recombination) to copy the invading parent

and thereby join it covalently to the invaded parent 1994; Mosig 1994; Kreuzer et al. 1995; George and
Kreuzer 1996).(Mosig et al. 1991; Mosig 1994); and (3) enlargements

of heteroduplex regions by branch migration. Partial In a mirror image of this model, a T4 39 single-
stranded end would at first invade the promoter-distalrepair may then occur in the heteroduplex regions

(Womack 1963; Shcherbakov and Plugina 1991; end of the ancestral gene 56 and initiate DNA synthesis
in the direction of the ancestral soc.1 and soc.2. TheShcherbakov et al. 1995).

To explain the unusual pattern of sequence diver- latter possibility cannot be excluded but we consider it
less likely, mainly because there is less sequence identity,gence between T2 and T4 in the gene 56-69 region, we

propose that in the dCTPase gene of an ancestor T-even necessary to initiate the invasion, between T2 and T4
at the promoter-distal segment than at the promoter-phage, there was ectopic pairing with a foreign DNA

element, which contained a gene with some sequence proximal segment of gene 56, and also because the T2-
T4 sequence differences in soc are larger than in dam,similarity to the T4 dCTPase gene 56 adjacent to an

entirely different gene in the region now occupied by but smaller than in gene 56.
We surmise that formation of mismatched hetero-gene 69. A single-stranded terminus of this element

invaded this ancestral gene 56 or dam within a short duplexes and partial repair, together with the selective
pressure in the T-even phages for a functional dCTPase,segment of perfect homology. In one direction, for

example, toward dam, which has nearly identical se- have led to the remarkable divergence of the T2 and
T4 dCTPase genes 56.quences in T2 and T4 (Miner and Hattman 1988), the

39 end of the invading foreign element primed leading More complicated models can be envisioned and can-
not be excluded. However, the model described herestrand DNA replication, thereby stabilizing the hybrid.

In the opposite direction, single-strand assimilation by provides the simplest interpretation within the frame-
work of recombination and replication mechanisms thatbranch migration generated a heteroduplex with nu-

merous mismatches and bulges. Partial heteroduplex have been shown to operate in T-even phages and that
are now implicated in other organisms as well (Haberrepair may have generated four short homoduplex re-

gions separated by unrepaired heteroduplex segments 1995; Lloyd and Low 1996; Kogoma 1997). We suspect
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Figure 5.—A model to explain the sequence divergence of T2 and T4 genes 56 adjacent to the substituted regions and the
conservation of the adjacent dam genes (A–D). A single-stranded DNA segment (generated by replication or by partial digestion),
homologous to dam or to the beginning of gene 56, invades homologous double-stranded DNA. For reasons of simplicity, we
have drawn the invaded molecule (ancestor of T2) straight and the invading molecule containing gene 69 with a bend. (The
reciprocal situation would give equivalent exchange patterns.) The initial pairing region can be short, because DNA replication
initiated from the 39 end of this invading single-stranded segment can stabilize the hybrid and can eventually copy all DNA in
the rightward direction. Because the dam genes of T2 and T4 are nearly identical (Miner and Hattman 1988), we cannot
determine exactly where the invasion occurred. In the leftward direction the invading single strand of the other DNA can be
further assimilated into the duplex by branch migration, generating several mismatches. If there are extensive mismatches, partial
heteroduplex repair may convert some gene 56 sequences to homoduplexes, leaving intermittent unrepaired sequences as
heteroduplexes. Subsequent replication will fix these sequence alterations. In an essential gene, such as gene 56, only those
scrambled sequences that still encode a functional gene product can survive.
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pensating frameshift mutations in addition to simple
base substitutions. In other words, all additions or dele-
tions of base pairs in T2 (as compared with T4) that
are not multiples of three are compensated by nearby
deletions or additions, respectively, of the same number
of base pairs, restoring the reading frame. Our explana-
tion for this pattern of mispairing of partially homolo-
gous sequences and partial heteroduplex repair of the
apparently mispaired segments is based on an original
proposal by Streisinger et al. (1966) to explain acri-
dine-induced frameshift mutations (Figure 6). The dia-
grams in Streisinger’s original paper (Streisinger et
al. 1966), as well as my perhaps faded memory of con-
versations with George Streisinger, indicate that he
assumed that both erroneous slipping of DNA polymer-
ases during DNA replication and mispairing in recombi-
national intermediates could cause bulges in mispaired
heteroduplexes as precursors of frameshift mutations.
Streisinger’s original model pictured bulging by mis-
alignment of short simple repeats. Ripley et al. (1988),
Ripley (1990), and Wang and Ripley (1998) (accom-
panying article) have demonstrated directly that mis-

Figure 6.—Streisinger’s model for frameshift mutations
aligned bases in potential stem-loop structures with no(from Streisinger et al. 1966). (A) Origin of a frameshift
direct repeats are also hot spots of frameshift mutations.mutation at the end of a molecule. Line 1 shows the normal

end of a molecule, line 2 shows an end in which one chain Taken together, these results suggested that bulged mis-
has been digested by an exonuclease followed by mispairing, pairing of any single-stranded DNA with any comple-
and line 3 shows the appearance of the molecule after resyn- mentary sequence, regardless of the reasons for single-thesis of the digested chain. (B) Origin of a frameshift muta-

strandedness, can generate mispaired heteroduplexestion in a heterozygous region. The lengths of the various
and thus be mutagenic (Drake and Ripley 1994). Theregions of overlap are meant to be indicated schematically

only. The contributions of the two parental DNA molecules keen insights of George Streisinger and Jan Drake have
to the heterozygote are distinguished by light vs. heavy print provided the framework for our current understanding
and newly synthesized material is indicated by smaller print. of mutagenesis in general and in phage T4 specifically.The heterozygote is shown as a joint molecule with a set of

Because the T-even DNA polymerase is by far the majormispaired bases in the first line and, after synthesis, as a hybrid
determinant of fidelity (Reha-Krantz 1994; Dressman etmolecule in which a mutation has occurred, in the second

line. (C) A terminal redundancy heterozygote of T4 that is al. 1997), one might assume that most mutations arise
also heteroduplex for a frameshift mutation and for fictitious as consequences of errors in replication. However, DNA
markers at the same end of the molecule. polymerase binding to the 39 ends of invading single

strands (Luder and Mosig 1982) may also excise misa-
ligned bases in recombinational heteroduplexes with itsthat different, apparently illegitimate, recombinations
proofreading exonuclease activity (Bloom et al. 1994;between different segments of ancient T-even genomes,
Reha-Krantz 1994; Otto 1997).evident from the present-day divergence (Kim and Da-

Drake’s pioneering experiments on frameshift muta-vidson 1974; Henning and Hashemol-Hosseini 1994;
tions in T4 (Drake 1966) contributed significantly to for-Repoila et al. 1994; Kutter et al. 1996), may have oc-
mulating Streisinger’s model. Moreover, results ob-curred, perhaps in part at different times, by similar
tained by Drake and his collaborators (Drake 1966;mechanisms.
Lindstrom and Drake 1970) showed clearly that in T4The results of our T2-T4 crosses are consistent with
most acridine-induced frameshift mutations are first evi-evidence from other organisms (Radman 1991; Rayssi-

dent as heterozygotes (Figure 6C) and that they do notguier et al. 1991) that, although most mismatched het-
occur at random sites, but preferentially near tips of T4eroduplex regions in vivo are aborted, such barriers to
chromosomes, which are randomly permuted over therecombination break down occasionally, allowing se-
T4 map (Mosig 1963, 1968; Streisinger 1966; Mosigquence divergence and evolution of new species barriers
et al. 1971). To explain otherwise paradoxical results,(Arber 1995).
particularly the differences in mutagenesis spectra ofMutagenic consequences of slipped mispairing in re-
different acridine derivatives in different organisms, Jancombinational heteroduplex regions: Streisinger’s model
Drake had already suggested at that time that certainrevisited: The alignments of T2 and T4 genes 56 (Figure
enzymes might actively participate in acridine-induced2) suggest that one coding sequence for functioning

dCTPase was converted into another by multiple com- mutagenesis (Lindstrom and Drake 1970). This sug-
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gestion is now generally accepted and has been con- gene transfer, independent of transposons, by a varia-
tion on a theme of homologous recombination. Inci-firmed for T4 by two lines of evidence:
dentally, our results and interpretations have obvious

1. Amsacrine-resistant T4 mutations occur in a T4 topo- consequences for constructions of phylogenetic trees
isomerase gene (Huff et al. 1990), and certain hot based on sequence divergence, and the apparent differ-
spots of frameshift mutations correspond to topo- ent tempos of evolution of different genes in the same
isomerase cutting sites (Ripley et al. 1988; Brown et organisms.
al. 1993). Moreover, certain enzyme-specific acri-
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