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DNA repair and rearrangements by recombination.

DNA damage produced by UV light, alkylating agents or by oxidation can be repaired by various
nucleotide or base-excision repair pathways. Intermediates in the repair process leave single-strand DNA
(ssDNA) nicks or gaps that may be converted into double-strand breaks (DSBs). For example, replication
past a ssDNA nick may produce one sister chromatid with a DSB and an intact chromatid:

 

DSBs can also arise from:

a. ionizing radiation (X-rays or γ-rays (gamma-rays))

b. mechanical forces in mitosis pulling entangled DNA molecules

c. the incomplete action of topoisomerases,

d. the action of endonucleases at specific sites; or

e. the action of endonucleases at stalled replication forks

One particularly important situation concerns DNA breakage at stalled DNA replication forks. DNA
replication may encounter particular DNA sequences that will form hairpins on the lagging strand as the
fork opens op new DNA. In some cases there are proteins that bind to sites on DNA and impede the
replication fork. This can cause the replication machinery to stall, which is evident from examination of a
2D gel (figure modified from Wang et al. MCB 21: 4938-4948:



Replication stalling also occurs at sequences that are self-complementary and can form hairpins, for
example in the single-stranded region of the fork on the lagging strand. This may account for the instability
of sequences such as CTG repeats that show dramatic changes in the number of copies in such neurological
diseases as Huntington's disease.

Another source of stalling would be the presence of un-repaired DNA lesions such as the pyrimidine
photodimers caused by UV light:

The stalled fork may bet cut by some single-strand endonuclease, rupturing the fork. This can be rescued by
recombination, and we will examine this later

To avoid having the fork broken by nucleases, there needs to be a way to re-start replication and to bypass
the lesion. One way has been proposed by Benedicte Michel, in which the newly synthesized DNA strands
are somehow unwound from their templates (perhaps after DNA polymerases have given up and
dissociated away). This process undoubtedly requires, at the very least, a helicase. The two new strands
could then pair with each other, forming a 4-armed branched structure that is called a Holliday junction
(named for the person who proposed it, Robin Holliday). This pairing may also require the action of other
proteins to facilitate the pairing step.



In the situation that is illustrated, the lagging strand had been copied a bit further than the leading strand,
which was impeded by the UV photodimer. A DNA polymerase could use the 3' end of the leading strand
as a primer to elongate the strand to the end of its new template.

Then the process reverses, putting the new strands back where they belong, base-paired to their appropriate
templates. The reversal of the Holliday junction can occur in a very efficient fashion, by branch migration
of the Holliday junction, which we will discuss in more detail below.

Because of the extension of the leading strand, copied from its complementary new strand, the leading
strand is now long enough to "cover" the lesion, so that both leading and lagging strand synthesis can take
place, allowing replication to be completed.

 

Properties of the Holliday junction:

a. all base-pairs can actually be made



b. the crossover-point, the branch, can "move" by breaking one set of H-bonds and simultaneously forming
two H-bonds (i.e. there is no net energy required for this to occur and indeed branches can migrate in the
absence of any "help" by proteins.

c. thus a branch can migrate all the way to one end and "resolve" itself in this fashion.

 

Helicase proteins greatly facilitate branch migrations. One example is catalyzed by the bacterial RuvA
and RuvB proteins. RuvA recognizes the "shape" of the HJ. RuvB binds to RuvA and forms a ring around
one arm of the DNA. RuvB is a helicase that can "pull" DNA through its center. Two RuvB hexamers on
either side of the HJ will promote rapid movement of the HJ.

See an animation of branch migration

 

Alternative ways to deal with the Holliday junction: a HJ resolvase.

Whereas the RuvA and RuvB proteins will promote the movement and (if there is an end) dissociation of
the HJ, there is another way to resolve this structure. The bacterial RuvC protein is a structure-specific
endonuclease &endash; a Holliday junction resolvase &endash; that cleaves in symmetrical positions on
two homologous DNA segments:



 



The cleavage of the HJ can produce two alternative outcomes, depending on which pair of strands are
cleaved by the enzyme. In the case of the stalled replicatio fork we were discussing above, in either case, it
yields an intact molecule and a broken end:

But now the end of the broken-off segment can engage in a homologous recombination event, known as
break-induced replication (BIR) which probably involves the following steps:



B.. The end of the broken molecule is resected by 5' to 3' exonucleases, producing a 3'-ended single-
stranded region

C. The single-stranded region is bound by the Rad51 protein (known as RecA in bacteria) to form a
filament.

D. Rad51 is a strand-exchange protein. It can bind to both single- and double-stranded DNA. The filament
of Rad51-bound DNA engages in a search for homology, allowing the single strand to explore the dsDNA
sequence for a region of homology. When this is found (and it's still hard to imagine how this occurs inside
the filament), there is an exchange of base-pairs.

E. Strand exchange produces a displacement loop ( a D-loop)

F. The D loop is converted to a new replication fork that re-starts DNA replication.

 

More detail (1): Strand exchange within the Rad51/RecA filament.



At the nucleotide level, one imagines this occurs by a rotation of a base, to change partners:

The action of RecA and Rad51 can be studied biochemically in simply assays such
as the following:

One can see the formation of a joint molecule intermediate and then the appearance of
the final products. In the gel below one can also see that adding the single-strand binding
protein RPA facilitates the reaction, and raising the termperature drives the reaction to
completeion.



from Bauman and West (CELL, 1996)

 

Inside the RecA/Rad51 filament:

When Rad51/RecA binds to ssDNA or dsDNA it extends its length by 1.5X.

This seems to make it more easy to expose the base pairs during the homology search. There is also a
change in the pitch of the helix. One view of the sequence of events has been proposed by Nishikawa et al:

This is illustrated here:



 

Sister Chromatid Exchange (SCE)

The process of re-starting replication by recombination may leave behind a Holliday junction (see below)
which can be resolved in two ways. One of these ways causes a crossover to occur between the replicated
sister chromatids. But this is genetically invisible, as the same genetic information is present on both copies
(unless a mutation arose). But sister-chromatid exchanges (SCE) can be seen by a physical assay.

Cells are labeled with the dT analog BrdU. Then they are shifted to BrdU-free medium for two generations.
Under these circumstances, one DNA strand out of the four in a pair of sister chromatids should be labeled
with BrdU. When metaphase chromosomes are examined, under conditions where BrdU makes the
chromosome appear black, each chromosome arm should be continuously black or not. SCE is revealed by
breaks in the pattern so that part of each sister chromatid has the BrdU.



Chemical agents that damage DNA and cause DNA breaks (probably at stalled replication forks) greatly
enhance SCE.



 

Eukaryotic recombination machinery is more complex than prokaryotic

To accomplish recombination in eukaryotic cells requires a large number of proteins. In addition to Rad51,
recombination requires a strand annealing protein called Rad52, which also interacts with Rad51. As many
as five Rad51-related proteins (called Rad51 paralogs) are apaprently needed to help "load" Rad51 onto
ssDNA. Rad54 (related to SWI/SNF chromatin-remodelingproteins) is needed during strand invasion. In



mammals, there are also two very large proteins called BRCA1 and BRCA2 that are also important. The
striking thing is that defects in all of these proteins are associated with the appearance of human cancers.
This is especially well-documented with BRCA proteins (BReast CAncer)as they are defective in families
where all the women who inherit the genes enoding them are very likely to develop early-onset breast
cancer.

Rad51 is essential in vertebrate cells because of the need to repair DNA damage
arising during replication.

The importance of recombination in repairing DNA damage is seen in vertebrate (chicken) cells in which
the Rad51 protein is knocked out. The absence of this protein is actually lethal to cells, which means that
essentially every cell needs the Rad51 protein every cell division. Indeed this is the case, because when the
Rad51 protein is depleted, by turning off its expression, cells suffer many chromosome and chromatid
breaks (modified from Sonoda et al. EMBO J 1998):

Loss of BRCA1 and BRCA2 are also lethal, and loss of the Rad51 paralog proteins cause a large
reduction in SCE and a big increase in chromosome breaks.

 

Chromosome and chromatid breaks can also be repaired by two related
types of homologous recombination : break-induced replication and gene
conversion

Chromosomes and chromatids can also suffer DSBs in ways other than during replication. The repair by the
replication re-start mechanism can be generalized into a more generic Break-Induced Replication (BIR)
mechanism in which one end of a broken chromosome initiates a replication fork that can go all the way to
the end of the template chromosome it is copying. At least for budding yeast (Saccharomyces cerevisiae)
this type of copying can go on for several hundred kb.



One example was done by Bosco and Haber (1998) in which they cut off the end of one chromosome by
expressing a site-specific HO endonuclease which cuts a sequence of 24 bp. A 117 bp segment containing
this cut site was inserted into the left arm of chromosome III in budding yeast. When the sequence was cut,
the end proximal (closest) to the centromere had homology with a 70-bp region located 30 kb from the
right end of the same chromosome. The broken end was repaired, apparently by BIR, so that the 30 kb was
now duplicated onto the left end of the chromosome. This is called a non-reciprocal translocation.



 

In addition to promoting replication re-start, BIR is also apparently very important
in the maintenance of chromosome ends in some types of cancer cells.

A digression: telomeres and telomerase: chromosome ends are a problem in normal DNA replication. The
leading strand DNA polymerase can copy its template all the way to the very end (just like using Klenow
fragment DNA polymerase to fill in 5' over-hanging ends of a restriction fragment). But the lagging strand
can't get all the way to the end. At the very least, the 6 or 10 nt where the RNA primer of each Okazaki
fragment will be left behind, and the gap may be bigger, depending on how primase and polymerase sit on
the DNA.



Each generation one of the two replicated chromosomes would be getting shorter. Most eukaryotes solve
this problem by using a special RNA-dependent DNA polymerase known as telomerase to add short
(usually 6) nt sequence to the 3' ending-strand. In humans this sequence is TTAGGG, added over and over.
Human telomeres have1000 or more copies of this sequence at birth. In humans, the telomerase enzyme is
incactivated at around birth and generation after generation of cell divisions, telomeres get shorter and
shorter, by about 100 nt per cell division. After 50 or so divisions, cells reach a dangerous state, called
crisis, and usually they die (bye bye stem cell). But when tumors arise, most of them have reactivated
telomerase and keep on dividing. They are "immortal".

But some tumors appear that don't re-activate telomerase. Evidence suggests that they extend their
telomeres by homologous recombination. This has been inferred in humans, but demonstrated in yeast, in
strains deleted for components of the telomerase enzyme. In such cells, telomeres get shorter by about 10 nt
per genration, and by 30-50 generations or so they die (called senescence), except a few telomerase-
independent survivors arise. These survivors have used homologous recombination to extend telomeres.
Consequently survivors are eliminated in the absence of the RAD52 recombination gene (Lundblad and
Blackburn, Cell. 1990 60:529-530).

Further data suggest the idea that there are actually two different BIR pathways in yeast (Le, Moore, Haber
and Greider, 1999). Presumably humans have at least one of these.

 

DSB repair when both ends of the DSB get into the act: gene conversion.

If both ends of the DSB are homologous to a template (for example, in a diploid were the broken
chromosome has a homologous chromosome partner), then the DSB can be repaired by "patching" the ends
together, by using the intact chromosome as a template. This process is called gene conversion. There are
several different proposed molecular mechanisms for gene conversion, each of which may be applicable in
different circumstances. To make life simple, we will look at only one possible mechanism, known as
synthesis-dependent strand annealing (SDSA).

Here, strand invasion takes place and new DNA synthesis occurs; but unlike normal DNA replication, the
newly synthesized DNA is displaced (more like RNA transcription). This process continues until one of
two things happened. First, the other end of the DSB, also resected to have a 3'-ended ssDNA tail, anneals
with the displaced strand. Then the 3' end of the second end acts as a primer to fill in the single-strand
region, creating a "patch" of newly made DNA in the repaired (recipient) locus. The donor is unaltered.



Alternatively, the migrating D loop where new DNA is being copied may anneal with the second end. In
this case, a double Holliday junction is created. The two HJs must be resolved or else the pair of molecules
will be linked together and would be ripped apart at mitosis. If the two HJs are cut in opposite "planes" (i.e.
one in the "a" mode and one in the "b" mode), the gene conversion event will be accompanied by a
reciprocal crossing over. If they are both cut in the same mode, there will be no crossover.

Gene conversion needs all the recombination proteins mentioned above
(Rad51, Rad52, Rad54, etc). It also requires PCNA and some of the
polymerases (δ  or ε) that are needed for normal DNA replication.

One well-studied example of gene conversion is the switching of mating-type genes in S. cerevisiae. Here,
a double-strand break (DSB) is created within the MAT locus by a site-specific HO endonuclease. The DSB
can be repaired by gene conversion, using one of two donor loci, HMLα or HMRa, as the donors. (These
donors are kept "silent" by the interaction of a number of silencing proteins with sites adjacent to HML and
HMR. HO theoretically could cut equivalent sites in the HML and HMR donor loci, but they are protected
by the "silenced" heterochromatic structure of these sites.) The recombination event leads to the



replacement of about 700 bp of sequences that specify MATa or MAT α, which in turn regulate many other
genes that specify the sexual identity of the yeast cell. 

 

By turning on the HO gene with a galactose-inducible promoter, it is possible to follow the kinetics of MAT
switching on Southern blots. Surprisingly the process takes about an hour. It is also possible to look at what
happens to cells that lack particular recombination or DNA replication proteins. Many DNA replication
proteins are essential, so one cannot just knock the gene out. Instead one uses conditional, temperature-
sensitive mutants in which the protein is not functional at the restrcitive temperature. (This is how Lee
Hartwell, recipient of this year's Nobel Prize dissected the cell cycle). In the example below, a cold-senstive
allele of the RFC complext that loads PCNA was used. At the permissive temperature MAT switching -
seen as the productiion of a new-sized product band (because there are restriction site differences in the a
and a-specific DNA) - is normal. At the restricitive temperature, switching is nearly abolished.



 

Another amazing feature of MAT switching: One of the fascinating things about this process is that a
MATa cell "knows" to choose the donor on the left (which has opposite mating-type information), whereas
MATa cells choose the donor on the right. This process of donor preference is controlled by a small (several
hundered bp) "Recombinatiion Enhancer" sequence that regulates the ability of sequences all along the left
arm of chromosome III to recombine. When RE is "on" in MATa cells, the left arm is "hot" for
recombination; when RE is turned off in MATα cells, the whole arm becomes somehow sequestered and
"cold" (ask Jim Haber for details).

 

Gene conversion is the mechanism that allows recombination to occur in
meiosis.

Watching recombination in real time: Evidence for the formation of double
Holliday junctions, following a DSB.



In yeast meiosis, recombination is initiated by DSBs at a number of "hotspots" along each pair of
chromosomes, several hours after the chromosomes have been replicated. One such hotspot has been
studied in detail, using Southern blots to look at what happens to the DNA. The two chromosomes involved
in the recombination differ in the position of several restriction sites, so that the sizes of the products of
recombination will be different from the parent restriction fragments.

A southern blot shows first that the DSBs are made at 3 hr (there are two "hotspots where cleavage occurs).
Then later the products of crossing-over are visible. These data are from Allers and Lichten (2001)

A two-dimensional gel, similar to that used to look at DNA replication shows the appearance of novel spots
that are not part of the arc of replicating DNA. Here they are designated Joint Molecules (JM). They
migrate with the larger size expected for branched DNA molecules.

If the double-stranded DNA in these spots are treated with purified RuvC resolvase protein, then one can
obtain both crossover and noncrossover products that are seen at the end of the meiosis; hence they have at
least one Holliday junction.



These spots can be cut out and separated again on a denaturing gel so that each strand in the branched
molecule can be characterized.
This analysis shows that the spots contain DNA from both parents.

If there were a single Holliday junction, one would expect to see two parental sized single strands and two
recombinant-sized single strands:

But this is not the case. Instead, all strands are the sizes of the two parents. Hence there must be two
Holliday junctions:

Each HJ can be cleaved by a resolvase. Unfortunately in eukaryotes the identity of the resolavase remains a
mystery.

Strand Analysis of Joint Molecules

The real analysis of this type of intermediate is shown below. The JM spot shown above actually had
several different sub-spots. The main one is called JM1.

          Quoting Allers and Lichten (heavily edited version):

           The spot was run on a denaturing gel (0.1 N naOH), from left to right as shown (big single strands
on the left, smaller ones to the right). Strand-specific probes of the red and blue regions were used to probe
the DNA strands to identify the sizes of each strand. There are two 6.9 kb strands and two 4.8 kb strands
(as expected if there were two HJs). BUT, there's another interesting feature here. JM1 contains
heteroduplex DNA - a site in the homolgous region where one strand comes from one parent and the other
comes from the other parent. One parent strand has a palindrome with an EcoR1 site that can be cleaved
even if there is a single strand folded on itself. Amongst his4::arg4-pal strands (blue arrows), the 5'-3'



strand does not contain the palindrome (4.8 kb), whereas the 3'-5' strand has it (hence this one is cut into1.8
and 3.0 kb segments).
The inferred structure of JM1 is shown; Holliday junctions could be located elsewhere in the region of
homology.

 

Nonhomologous end-joining is an alternative way of repairing a DSB

The ends of broken chromosomes can be joined together by a machinery that uses a special DNA ligase
(DNA ligase 4 and its associated protein, Xrcc4). This process requires the DNA end-binding proteins
Ku70 and Ku80. In mammals the Ku-associated DNA-PKcs is also highly important, though not as
essential as ligase 4.

Ligase 4 and Ku-mediated end-joining is essential for V(D)J genome rearrangements associted with the
geneation of immunoglobulin diversity.

Frequently the ends of DNA are joined when there are no more than a single base pair that can form at the
junction. How this occurs is poorly understood.

 

Example: when HO endonuclese cuts in yeast, the ends generated have 4-bp 3' overhanging ends. These
can re-ligate, re-forming the HO cut site. this re-joining requires Ku and Lig 4 and other proteins. If HO is
continually expressed, cells cannot simply survive by re-joining the ends. At a low rate (1/1000 cells)
survivors appear in which the ends have been joined imperfectly, so that HO cannot cut any more. Two
examples are shown below. In each case, a single base pair seems to be all the "anchoring" there can be in
order to then trim off some extra bases, fill in any gaps by a (unknown) DNA polymerase and then ligate
the ends together.

 

 

 

 

 

 

 

 


