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Replication fork convergence at termination: A

multistep process

Nina Y. Yao? and Mike E. O'Donnell*®"!

Termination of replication occurs when two forks
converge, an important but understudied process. In
PNAS, a report from the Courcelle group examines
replication termination using deep-sequencing genomic
profiling of replicating cells to obtain copy number in-
formation about head-on collision of replication forks in
different genetic backgrounds (1). Mutations in the
SbcC-SbcD (SbeCD) and Exol nucleases of Escherichia
coli result in overreplication of DNA at the terminal rep-
lication zone where forks converge, implying that extra
DNA is made upon termination and these nucleases are
needed to excise the extra DNA. Furthermore, muta-
tional studies of the RecBCD helicase/nuclease reveal
that it acts at a step after SbcCD/Exo1 action to complete
the processing of overreplicated DNA generated by fork
convergence. Overreplication upon termination in E. coli
has been reported earlier, but the DNA structures pro-
duced, and subsequent processing steps are not well
understood (2-4). The report by Wendel et al. (1) dem-
onstrates that termination of replication is a complex pro-
cess orchestrated by many factors, and implies specific
roles of the enzymes involved.

Termination of replication, when two replication
forks meet head-on, has the potential for deleterious
consequences. For example, amplifications, resections
leading to deletions, and other DNA rearrangements
are associated with defective replication termination
(1-4). Extensive studies have outlined the events that
activate origins and advance replication forks in bac-
teria and eukaryotes (5, 6), but little is known about
the replication termination process, possibly because
termination does not occur at a defined sequence,
making it difficult to study.

The circular chromosome of E. coli has been an
attractive model to study the termination process for
two main reasons. First, E. coli has only one origin
(oriC) that forms bidirectional forks that meet head-
on roughly half way around the circular genome from
the origin. Second, E. coli termination is restricted to a
400-kb region bordered by arrays of ter sites that let
forks pass in one direction, but not the other direction,
trapping forks that initiate at oriC within a 400-kb

termination region between the ter site arrays (7, 8).
In contrast, eukaryotic cells have numerous origins
that fire at different times in different cells, confound-
ing termination studies in eukaryotes (9).

Recent studies in E. coli indicate that replication
termination requires numerous proteins (1-4). Given
the myriad proteins involved in origin initiation and
replication fork elongation, it may not be surprising
that termination is also a multiprotein process. Indeed,
accurate termination may be more important to life
and death than accurate origin initiation, as the con-
sequence of not firing an origin in eukaryotes is to
simply wait for a fork from a nearby origin to duplicate
the inactive origin. In contrast, termination gone awry
could lead to duplications, inversions, deletions, and
other genomic rearrangements. For example, muta-
tions in E. coli SbcCD nuclease results in abnormal
replication ampilification in the termination region (1,
4). Furthermore, the mammalian orthologs to SbcCD,
Rad50-Mre11 (10), are essential for normal develop-
ment, viability, and genomic integrity (11).

Genetic studies of E. coli termination have thus far
identified the involvement of RecBCD helicase/nucle-
ase that unwinds and degrades double-strand (ds)
DNA from an end, SbcCD nuclease that incises hair-
pins and degrades palindromic structures, Exol, a 3'-5
exonuclease, and the RecG branch migrating DNA
translocase; DNA ligase and DNA polymerase are also
assumed to be required (1-4). Mutations in the
RecBCD helicase/nuclease result in various anomalies
at termination. For example, RecD mutants of RecBCD,
which retain helicase but not nuclease activity, overrepli-
cate the terminal region, suggesting that fork conver-
gence leads to overreplication that must be resected
back to the doubling point (3). Conversely, mutations
in RecBC, which lack both nuclease and helicase activity,
result in loss of DNA in the terminal region, suggesting
that RecBCD is needed to resolve and connect DNA
strands and that without it the intervening DNA is ex-
posed to nucleolytic removal (3, 4). SbcC and SbeD form
a heterotetrameric nuclease that cuts at palindromes
and hairpin structures (12), indicating that a hairpin or

®Laboratory of DNA Replication, The Rockefeller University, New York, NY 10065; and PHHMI, New York, NY 10065

Author contributions: N.Y.Y. and M.E.O. wrote the paper.
The authors declare no conflict of interest.

Published under the PNAS license.

See companion article on page 349.

"To whom correspondence should be addressed. Email: odonnel@rockefeller.edu.

www.pnas.org/cgi/doi/10.1073/pnas.1719825115

PNAS | January 9, 2018 | vol. 115 | no. 2 | 237-239

>
o
<
[
z
w
=
=
o}
O



http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1719825115&domain=pdf
http://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:odonnel@rockefeller.edu
www.pnas.org/cgi/doi/10.1073/pnas.1719825115

L T

/

D\

A Converging Forks

—
DnaB

C Double Fork Over-replication
D{@B

3 5

—_— — - - m—- m—-
P ;
5 3
DnaB l

DR ——— S

3 @_ 5

5 @ 3

—

B Simple Termination
DnaB
A

S —————J
q—q—q—q—q—-@_
5 . 3

DnaB
D  Single Fork Over-replication

DnaB—
, i

;3-5 4
- exo
l 3,

P — — — 3

5 )
SbeCD — 3
Exol
Rec BCD
-— Ligase

3’ @ 5
' $=>

Fig. 1. Possible consequences of fork convergence at termination of E. coli replication. (A) Two replication forks with DnaB helicase encircling
the lagging strand collide. (B) The two DnaB helicases may slipover the flush 3’ ss/ds ends of the leading stands of the opposite fork. (C) The
two DnaB helicases may invade both leading strand ss/ds ends to form complementary 3’ ssDNAs that pair. SbcCD could then cleave the
palindrome-like sequence, followed by RecBC/Exol processing. (D) One DnaB invades a leading strand of the opposite fork. The displaced

3’ ssDNA is susceptible to a 3'-5’exonuclese, forming a primed junction for polymerase extension back to DnaB. The resulting hairpin/palindrome

is processed by SbcCD and RecBCD as in C.

palindrome is produced during the termination process. SbcCD mu-
tants are phenotypically dominant over RecBC mutants, indicating
that SbcCD plays a role upstream of RecBCD (1). A similar phenotype
is observed for Exol mutants (1). The eukaryotic Rad50 and
Mre11 orthologs of SbcCD are known to be involved in DNA re-
section processes (13). Mre11 and Rad50 are essential in humans,
and hypomorphic mutations in these genes are associated with de-
velopmental abnormalities and predisposition to cancer (14, 15). Mu-
tants in RecG, a branch migrating DNA translocase, also lead to
overreplication in the terminal region and RecG is proposed to rear-
range DNA structures to suppress aberrant processes that arise at
convergent forks (4). These enzymes are involved in DNA repair, and
their requirement for proper termination implies that some of the
observed phenotypes in cells containing mutations in genes en-
coding these proteins might be explained in terms of replication
termination.

Replication fork convergence in E. coliis illustrated in Fig. 1A.
DnaB helicase encircles the lagging strand single-strand (ss) DNA
and, upon colliding with the opposite fork, the DnaB ring faces a
leading strand 3’ ss/ds junction. In vitro, DnaB, like other replica-
tive helicase rings, requires a forked structure to unwind DNA, and
upon encountering a flush 3" ss/ds structure, DnaB typically slides
onto the dsDNA rather than unwinding (16). Hence, a simplistic
view of termination would have the two helicases pass one an-
other without effect on the completed chromosomes (Fig. 1B).
However, DnaB can sometimes unwind at a flush junction (17),
and overreplication has been observed in in vitro studies of
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plasmid replication (18). Hence, DnaB is proposed to invade the
replicated leading strand of a converging fork at some frequency.

The model proposed by Wendel et al. (1) is illustrated in Fig.
1C, in which overreplication initiates when both DnaB helicases of
converging forks invade the head-on leading strand of the oppo-
site fork. The two displaced 3’ single-strands are complementary
and in close proximity, and are proposed to pair and form a grow-
ing duplex of overreplicated DNA that connects the two daughter
chromosomes. The process will necessarily stop upon running into
the particular array of ter sites that normally allow passage of forks
coming from the origin, but will block advance of forks emanating
from the termination region. SbcCD nuclease is proposed to in-
cise the palindrome-like structure of the overreplicated DNA, and
then Exol and RecBCD can trim the overreplicated DNA to form a
precise junction for ligation and two exact copies of the parental
chromosome.

A slight variation on this model may occur when only one
DnaB of two colliding forks invades the duplex, producing just
one 3’ single strand (Fig. 1D). In this model, excision of the 3’
terminus by Exol, or another nuclease, may digest the ssDNA
until reaching a frequent indirect repeat, the size of a restriction
enzyme site, yielding a hairpin 3’ ss/ds junction that primes po-
lymerase extension (e.g., as described in ref. 19). The replication
fork would be stopped within the terminal region by ter sites, as
described above for Fig. 1C. Incision of the hairpin/palindrome of
the overreplicated DNA segment by SbcCD, and processing
by RecBCD, would enable accurate ligation and complete the
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termination event. In light of these models, one may speculate
that ter sites function to stop forks initiated by termination pro-
cesses in one direction, and stop forks initiated at origins in the
other direction.

RecA mutants show normal replication termination (3), and
thus RecA-mediated recombination events, such as double-
strand break repair or D-loop-based replication restart are not
involved in termination. However, mutations in RecBCD, and
SbcCD/Exol that result in loss of cell viability, are largely rescued
by RecA (1). Hence, in these mutant backgrounds, RecA restores
cell viability, but the terminal region of the chromosome in these
cells contains abnormalities (1).

One may question the percentage of cells that resolve
converging forks in a simple fashion (Fig. 1B), relative to converg-
ing forks that overreplicate DNA (e.g., as in Fig. 1 C and D). The
fact that RecA is not involved in termination, and that mutants in
either RecBC, RecD, or SbcCD/Exol clearly loose viability (in the
absence of RecA), together with the finding of deletions and am-
plifications of DNA in the terminal region of these mutants, imply
that most termination events are not simple. These observations

suggest that termination is often complex and that simple fork
passage/ligation may be the exception, not the rule.

It is interesting to contemplate the termination process in
eukaryotes, especially given numerous origins, and thus the high
frequency with which termination must occur for each cell cycle.
Eukaryotes differ from bacteria in their core replication proteins,
which show no common ancestor in evolution (20). In particular, eu-
karyotes contain distinct DNA polymerases (i.e., polymerases delta
and epsilon) for each daughter strand, and the CMG (Cdc45, Mcm2-
7, GINS) helicase encircles the leading strand, not the lagging strand
(5, 6, 21). Perhaps the problems of fork convergence in eukaryotes
might be somehow mitigated by these large evolutionary changes,
and could even have been a driving force for evolving such a different
strategy of chromosome replication relative to bacteria. Deeper stud-
ies of replication termination in both bacteria and eukaryotes will
certainly be an important and fascinating area for the future.
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