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Part I. Definitions 
Changes in DNA are called mutations. Mutations can be changes in one base, in several 
bases, in many bases. Recombination is also a change is DNA. How is it different from 
mutation?  
Def. #1 (simple): Recombination is a change in DNA that is not a point mutation. Several 
examples:  
Point mutations: change or deletion or addition of a nucleotide.  
Recombination: change or deletion or addition of several nucleotides.  
Def. #2 (simplistic): Recombination is a DNA rearrangement (change in the order of 
elements). There are four basic types of enzymatic mechanisms for DNA rearrangements:  
Type   Frequency Requirements Catalyzed by   
1. Illegitimate  extremely low Micro- or no   various DNA-processing  
     homology  enzymes    
2. Transposition very low  Ends of the jumping Transposase 
   (regulated)  element 
3. Homologous low  Extensive homology RecA / RadA / Rad51    
  (when DNA damage is low) 
4. Site-specific high  A pair of short sites Site-specific recombinase  
        (integrase, invertase)   
 Today we will concentrate on Homologous Recombination (HR). Homology is a 
term for “sequence identity”. When two DNAs have exactly the same sequence, we call 
them “homologous DNA”. We can start with defining HR as exchange between two 
homologous chromosomes (long DNA molecules).  
 How do we detect HR in live organisms? We need to bring two homologous 
chromosomes, residing initially in different organisms, together in a single organism. We 
also need a way to separate the two chromosomes into individual organisms, to detect the 
exchange between the chromosomes. Finally, to distinguish the two chromosomes from 
one another, we need to score some traits, associated with these chromosomes, on the 
organizmal level, we need some phenotypes. In short, we need chromosomes carrying 
scorable alleles of the same genes. These scorable alleles are called “markers”. How 

many markers do we need? One is not enough, we need at least two:  
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 Do chromosomes need to be almost completely homologous over their entire 
length for this exchange? No, a limited region of homology is enough:  
The minimal length of this limited region of homology fluctuates from one organism to 
another and from one recombination system to another. For the purpose of our 
discussion, it is enough to say that RecA-dependent recombination, although quite low, is 
already detectable between 50 base pair-long identical sequences. For comparison, the E. 
coli genome is ~105 times longer, so, in theory, it can undergo that many exchanges.   

A               B A               Z

Y                Z Y               B



New Def. of HR: Exchange between two DNA sequences in the region of homology.  
Now, a trick question: if we flip one of the chromosomes 180°, can we still perform the 
exchange? After all, this would be still an “exchange in the region of homology”:  

Actually, such an exchange is impossible, 
because a DNA sequence has polarity 
(unless it is an inverted palindrome), and a 
180° flip produces a different sequence:  

A               B

Z               Y

A               Y

Z               B
?

 
      5’ — AGGTGA — 3’ 
      3’ — TCCACT — 5’ 
 
FLIP: 5’ — TCACCT — 3’ 
      3’ — AGTGGA — 5’  

Therefore, we should draw:  

 
 
Therefore:   
The final Def. of HR: Exchange 
between two DNA sequences in the 
region of aligned homology.  
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Part II. Application  
Now we can continue with other properties of HR. Property #1: HR is an infrequent 
event. If we cross AB x ab chromosomes in bacteria, we get out mostly parental 
chromosomes and only a few recombinants (Ab and aB).  
 Property #2: The probability that an exchange would happen between any two 
base pairs in DNA is minuscule, but not zero. When there is a significant length of 
homology between the two markers on the chromosomes, all these tiny probabilities are 
multiplied thousands and millions of times to result in a detectable recombination. 
Therefore, the frequency of HR between the two markers is 
proportional to (in fact, it is a complex function of) the 
physical distance between the two markers.  
 
Properties #1 and #2 combined allow one to map markers 
along the chromosomes, measuring the frequency of their 



segregation from each other. For example, if in the cross a1b1c1 x a2b2c2 the frequency of 
segregation of “a” from “b” is 10%, b from c is 5%, whereas a from c is 13%, and if we 
know that the chromosomes in this organism are linear, we arrive at the gene order: a-
10%-b -5%-c (the algorithm with placing the second marker on both sides first).  
 You should be familiar with all this from the eukaryotic 
genetics. There is one helpful trait of the eukaryotic life cycle that 
makes explaining HR easy: it is called syngamy. Syngamy is a life 
stage when two entire genome complements are brought together in 
a single nucleus of a zygote in preparation for meiosis. So, every 
chromosome in zygote has its homolog, — an essentially identical 
chromosome, with a few differences (our “markers”, for example). 
Zygote can multiply mitotically for some time. Meiosis is a special 
division of a zygote, distinct from mitosis, that regenerates 
gametes, or cells with sinlge chromosomal sets. During meiosis, 
homologous chromosomes undergo from one to several exchanges, so there are basically 

no non-recombinant chromosomes in gametes. Finally, as you 
know, all natural eukaryotic chromosomes are linear. An exchange 
between two homologous linear chromosomes always regenerates 
monomeric chromosomes. This all sounds complicated, but 
eaukryotes are, actually, a geneticist’ hog heaven. 
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 Genetics is not so simple in bacteria. The vast majority of 
bacteria grow as clones without detectable exchange of genetic 
information. In the absence of syngamy as a life stage, it is close to 
impossible to bring in the entire chromosome from another cell. 

What is achievable is to bring a linear chunk of another chromosome into the cell. 
However, such an exchange of a whole chromosome with a subchromosomal fragment 
creates a problem (ONE-MINUTE WRITE: what kind of problem?):   
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After a single exchange, the chromosome becomes fragmented and, therefore, unstable 
(degradation, inability to complete replication or to finish segregation). To make a 

functional, whole chromosome, two exchanges are required in bacteria:  



 Another common trait of bacterial chromosomes that complicates bacterial 
genetics is their circularity. For example, imagine that there were a way to create a 
bacterial zygote, a cell that would contain two whole, genetically marked chromosomes. 
If the participating chromosomes are circular, a single exchange between them would 
create a dimer chromosome, which is equally non-functional:  
 
 The solution to this complication, again, lies in the double exchange, which 
preserves the original, monomer state of the chromosome:  

 
 
 Therefore, in bacteria with their mostly circular chromosomes and with the 
majority of recombinational events that involve exchanges with subchromosomal 
fragments, recombinants are always the result of two (or any even number of) exchanges. 
In these conditions, it is more convenient to look for the simultaneous incorporation of 
two markers from the subchromosomal fragment, — the so-called co-inheritance of the 
two markers:  
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The higher the frequency of co-inheritance, the closer the two genes on the chromosome 
are, opposite to what we surmise from recombination frequencies! For example, if among 
the progeny that inherited the “a” gene, 60% inherited “b” and 30% “c”, while among 
those that inherited “b” only 10% inherited “c”, we can conclude that the order of genes 
is b-a-c. The important concept to remember is that, if our genetic cross involves one 
complete and one incomplete chromosome, or two complete circular chromosomes, it 
will require two (or any even number of) exchanges to generate viable progeny.  
 
 

Part III. The Genes and the Pathways 
There are quite a few genes implicated in catalysis of HR in eubacteria. In E. coli, for 
example, these are recA, B, C, D, E, F, G, J, L, N, O, Q, R, T; ruvA, B, C, — this is 
jokingly called “the recombinational alphabet”. Mutants, identifying these genes, were 
isolated for their defect and sometimes even deficiency in homologous recombination. 
But do they work in a single pathway or in several pathways? And what are the possible 



differences between these pathways? Two major genetic 
approaches can be used to elucidate pathways of any process: 
1) substrate analysis; 2) epistatic analysis.  
 Substrate analysis involves varying the physical nature 
of recombinational substrates and detecting the resulting 
recombination frequencies in various rec mutants. One popular substrate configuration is 
a linear piece of a donor chromosome, which is introduced into the recipient by either 
conjugation or generalized transduction, with subsequent selection for its integration into 
the recipient chromosome. Another popular recombinational setup includes two circular 
plasmids (extrachromosomal elements), which can recombine by regions of homology:  
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 For example, these are the relative (normalized to WT) frequencies of 
conjugational and plasmid recombination in various E. coli mutants:  

Such a substrate analysis shows that: 
1) RecA protein catalyzes both 
conjugational and plasmid 
recombination.  
2) RecB and RecC proteins catalyze 
conjugational, but not plasmid 
recombination.  
3) RecF, RecO and RecR proteins 
catalyze plasmid, but not conjugational 
recombination. 
4) RecG and Ruv proteins are 

important, but not critical, for both conjugational and plasmid recombination. 

 Conjugational rec. Plasmid rec.  
Rec+  1.0   1.0 
recA  0.001   0.01 
recB  0.01   1.0 
recC  0.01   1.0 
recF  1.0   0.01 
recG  0.1   0.1 
recO  1.0   0.01 
recR  1.0   0.01 
ruv  0.1   0.1  

 Since we have an idea about the nature of the substrates, we can conclude that the 
RecA-RecBC pathway catalyzes exchanges between two DNAs if at least one of them 
has free ends (like during conjugation), while the RecA-RecFOR pathway catalyzes 
exchanges between chromosomes without ends, for example, between two circular 
plasmids. We can also say that both RecG and Ruv functions help recombination, but the 
specificity of their action is unclear. 
 Epistatic analysis involves combining two mutations in a single organism and 
monitoring the resulting phenotype. “Epistasis” means “covering over”, and originally 
epistatic analysis was designed to find genes acting together by looking for double 
mutants with a phenotype of one of the single mutants. Remarkably, epistatic analysis 
turned out to have more distinguishing power than at first thought, because it can reveal 
distinct pathways within one mechanism. Suppose there are two mutants, each showing a 
30% decrease of some measurable 
phenotype. The three kinds of 
epistatic interactions are: 1) the 
double mutant possesses the 
phenotype of the single mutants (still 
shows only 30% drop), — this 
classic epistasis suggests that the two 
genes work in the same pathway; 2) 
the double mutant shows an 
“additive” (actually, multiplicative) Donor         Recipient



effect (60% decrease), — the two genes must be working in separate pathways, and there 
are more functional pathways left; 3) the double mutant shows a synergistic effect (99% 
down) — there are only two pathways, and the two mutations inactivate both.   
 To see how epistatic analysis works, let us consider a specific example. 
Homologous recombination is implicated in the cellular resistance to DNA damaging 
treatments, for example, resistance to ultraviolet light (UV). If we determine UV 
resistance of double mutants and compare it to UV resistance of single mutants, we can 
generate a matrix. In the following matrix, the values show how many times mutants are 
more UV-sensitive than WT cells:  
  WT recA recB recC recF recG recO recR ruv  
WT  1 
recA  1000 1000         
recB  10 1000 10 
recC  10 1000 10 10 
recF  10 1000 1000 1000 10 
recG  10 1000 10 10 10 10 
recO  10 1000 1000 1000 10 10 10 
recR  10 1000 1000 1000 10 10 10 10 
ruv  10 1000 10 10 10 1000 10 10 10 
Such epistatic analysis of UV-resistance due to recombinational repair in E. coli shows 
that:  
1) by themselves, most rec mutations decrease the resistance ~10-fold (the first column). 
Only recA mutations makes cells very sensitive to UV. This suggests several pathways of 
recombinational repair, with RecA protein playing the key role.  
2) To confirm the key role of RecA, we combine recA mutation with other mutants 
pairwise (the second column): recA mutant sensitivity is obtained for all double mutants, 
=> therefore, recA must control the limiting step common to all pathways of 
recombinational repair.  
 Combining all other mutants pairwise produces the following picture: 
3) recB mutant does not change UV sensitivity when combined with recC, recG and ruv 
mutants, => RecB protein works together with the corresponding proteins.  
4) recB mutant becomes very UV-sensitive if combined with recF, recO and recR 
mutants, => RecFOR group may define a pathway alternative to RecBC-G-ruv pathway.  
5) recC mutant combinations confirm our recB analysis.  
6) recF mutant does not change UV sensitivity when combined with recG, recO, recR or 
ruv, but it makes cells very UV sensitive when combined with recB or recC, => 
RecFGORruv group works together and is separate from RecBC group.  



 Now we start to see the pattern of RecBC versus RecFOR pathways, but we are 
still confused with RecG and Ruv, because they group with both the RecBC and RecFOR 
pathways! However, when we combine recG with ruv mutants together, we get a very 
sensitive double mutant again! All these results with recG and ruv mutants suggest that 
RecG and RUV proteins 1) work at the stage of recombinational repair that is different 
from the stage at which RecBC and RecFOR work; 2) 
define the two alternative pathways of the stage.  
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 If we combine the results of epistatic analysis with 
the previous results of the substrate analysis above, we 
arrive at the following scheme of homologous 
recombination in E. coli:  
1) recA is the control gene of HR, catalyzing the central 
reaction of the process.  
2) RecBC and RecFOR complexes define the two 
alternative early pathways, working before the RecA-
promoted stage. 
 3) RuvABC and RecG enzymes represent the two 
alternative late pathways, working after the RecA-promoted 
stage.  
Thus, the two genetic approaches, the substrate analysis and the epistatic analysis, allows 
one to assemble the following scheme of pathways of homologous recombination in E. 
coli:  
 

Part IV. The Mechanisms 
— In the center of many models of HR lies the unique structure called the Holliday 
junction. Back in 1964 Robin Holliday asked himself how a HR can start, and came up 
with a seemingly simple mechanism (both strands of the DNA duplex are shown here):  

 
This recombination 
intermediate, in which the 
parental chromosomes are 
held by a DNA junction, 
turned out to be a 
breakthrough in 
understanding HR. 
Nowadays it is widely known 
as the “Holliday junction”, 
probably because Holliday 

not only suggested it as an intermediate of HR, but also proposed the two ways to resolve 
the junction:  
 



Both ways regenerate a 
pair of chromosomes, but 
the left pair comprises the 
recombinant 
chromosomes, whereas 
the right pair comprises 
the parental 
chromosomes. Holliday 
junctions were 
subsequently confirmed 
as intermediates in the 
majority of HR events. 
The process of their 
cleavage is called the 

“resolution”; in E. coli, it is catalyzed by the RuvABC resolvasome.  
 
 However, the mechanism of Holliday does not provide the reason to exchange 
strands in the first place. How to find this reason? The easiest way is to look for 
conditions that stimulate homologous recombination. It has been known for a long time 
that homologous 
recombination is 
strongly induced by 
DNA damage. 
Specifically, a break 
in both DNA 
strands, called a 
double-strand break, 
in one of the two 
homologous 
chromosomes is one of the strongest inducers of exchange (also called “cross-over”) 
between these homologs:  
 
 Interestingly, if there is a third marker near the break site, it reveals the second 
type of recombination events, called “gene conversion”: the marker on the broken 
chromosome is lost and 
replaced with a marker 
from the intact 
chromosome. 
Remarkably, gene 
conversions are 
independent of 
crossing-over: half of 
them are associated 
with crossing-over, 
while the other half is 
not:  
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 So, the mechanism of double-strand break-stimulated homologous recombination 
should explain: 1) formation of cross-overs; 2) formation of gene conversion; 3) their 
independence from each other. We do not have time to discuss how the underlying 
mechanism was established, but we still have time to draw the mechanism:  
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Gene conversion                                           Gene conversion 
without chrossing-over                               with crossing-over

It explains both crossing-over (through specific configurations of the Holliday junction 
resolution) and gene conversion (through degradation of the broken ends in preparation 
for the RecA-catalyzed reaction and their subsequent resynthesis using the homolog as 
the template). The biochemical details of this mechanism, as well as its biological 
implications for repair of DNA damage are beyond the scope of this course.  
 
 
 
 



 


