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Abstract 

Microhomology-mediated end joining (MMEJ) is a class of DNA repair used to join 

DNA ends following a double-strand break (DSB).  It represents an unfavorable and error-prone 

pathway because it results in deletion of nucleotides between microhomologies, as well as the 

deletion of one microhomology.  This study utilized a DNA repair assay to measure degradation 

prior to end rejoining in nuclear extracts.  Our results were consistent with previous studies 

which found that ATM plays a regulatory role in repressing nuclease degradation of DSB ends 

and that BLM is a required component in the MMEJ pathway.  MMEJ repair products were also 

found to utilize GC rich microhomologies and  preferred sites for rejoining.  Variation among 

extracts from the same cell line suggest that additional trials of the repair assay must be 

conducted to ensure that the differences in CF, AT, and BLM nuclear extracts are the result of 

protein composition differences rather than variation in  extract preparation.   
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Introduction 

 Many proteins are responsible for maintaining the genomic integrity of the eukaryotic 

cell. The mutation of key DNA repair proteins can result in debilitating human disease.  Ataxia 

telangiectasia (A-T) is an autosomal recessive disorder.  It is characterized by neurodegeneration 

resulting in a loss of motor coordination, small dilated blood vessels in the eyes and skin, and an 

increased risk for cancer (1).  These symptoms result from defects in regulation of the cell cycle 

and an increase in double-strand breaks.  The result is increased chromosomal instability and 

rearrangement (2).  Bloom’s Syndrome (BS) and Nijmegen breakage syndrome are rare diseases 

that also results from chromosomal disorder and a higher frequency of breaks and 

rearrangements.  Patients with either disease exhibit growth retardation, immune deficiencies, 

and a predisposition to cancer (3,4).   

All of the above diseases result from an impaired ability to repair DNA following a 

double-strand break (DSB).  DSB’s occur by both endogenous and exogenous sources such as 

physiological recombination and UV damage.  A complex network of pathways evolved in 

eukaryotic cells in order to address these breaks, many of which utilize the same proteins.  Two 

categories of DSB repair have been defined: homologous recombination (HR) and non-

homologous end joining (NHEJ).  HR takes advantage of a homologous template in order to fill 

in and repair DSB’s.  NHEJ, on the other hand, directly ligates strands on either side of the 

break.  Microhomology-mediated end joining (MMEJ) utilizes small microhomologous 

sequences (5-25 bp) on each side of the DSB.  These microhomologies aid in aligning the broken 

ends before rejoining (5).  It is still unclear whether MMEJ represents a subclass of NHEJ or a 

separate alternative end joining pathway.   
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NHEJ relies on the Ku70-Ku80 complex to recognize DSB’s and  recruit other protein 

factors to the break, including DNA-PKcs and DNA polymerases.  These factors allow end 

processing and yield ends that are compatible for religation by DNA ligase IV-XRCC4.  NHEJ 

results in fairly accurate repair, with incompatible ends resulting in only 1-4 bp insertions or 

deletions (5).  MMEJ is Ku independent, which is why it is often considered an alternative to 

NHEJ.  Figure 1 illustrates the current model for MMEJ.  The first step involves single strand 5’ 

to 3’ resection by exonucleases in order to reveal complementary microhomologies.  Exposed 

microhomologies can subsequently anneal. Annealing of microhomologies allows processing of 

unpaired 3’ flaps, synthesis by DNA polymerases, and finally ligation to complete the repair (5).  

The net result of MMEJ is deletion of sequence between the microhomologies and loss of one 

microhomology.  This significant deletion of nucleotides marks MMEJ as an unfavorable and 

error-prone pathway.   

 This investigation will focus on the role of three proteins or protein complexes in MMEJ.   

The MRN complex is a heterotrimeric protein complex consisting of Mre11, Rad50, and NBS1.  

MRN is responsible for recognizing DSB’s and recruiting downstream effectors.  It has also been 

implicated in tethering and resecting broken ends (6).  Nijmegen breakage syndrome results from 

a mutation in the NBS1 subunit.  Previous studies have hinted that Mre11 exonuclease activity 

plays an important role in MMEJ single-strand resection (7).  

 ATM is a PI3-kinase-like kinase (PIKK) whose mutation is associated with Ataxia 

Telangiectasia.  It exists in the nucleus as an inactive dimer, but is activated by the MRN 

complex following a DSB, resulting in autophosphorylation of ATM, and dissociation into active 

monomers.  Activation of ATM requires the C-terminal domain of NBS1 (8).  ATM plays a role 



  5 

 

in activating players in cell cycle regulation and DNA repair via its kinase activity.  Experiments 

have demonstrated that ATM may play a regulatory role in preventing the cell from utilizing 

error-prone MMEJ to repair DSB’s (9).  One mechanism of this regulation is that ATM 

downregulates DNA end-degradation by inhibiting nucleases such as Mre11 that are responsible 

for revealing microhomologies (10,11).        

 Bloom’s syndrome results from mutations to the RecQ-like helicase BLM.  Researchers 

have suggested that in addition to exonuclease activity, strand unwinding may be a key event in 

revealing microhomologies in classic NHEJ and MMEJ.  BLM has been implicated as a helicase 

that is important to these pathways (12).  A major question remains as to whether ATM and 

BLM exhibit any interaction, and whether they are upstream or downstream relative to each 

other in the MMEJ pathway.  Our goal is to measure MMEJ using a plasmid rejoining assay in 

A-T, BS, and A-T/Bloom’s knockdown nuclear extracts in order to better understand the 

interaction between a protein that downregulates MMEJ and one that appears required for it.     
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Materials and Methods 

Cell Lines and Cell Maintenance 

 A SV40-transformed A-T fibroblast cell line, AT5BIVA was obtained from the Coriell 

Cell Repository.  A BS cell line, GM08505, is composed of SV40-transformed skin fibroblasts 

also from Coriell.  A SV40-transformed human lung fibroblast cell line, WI38VA13, was 

obtained from American Type Culture Collection and used as a control cell line for the set of 

diseased cells.  All cells were grown in an incubator at 37 ⁰C and 5% CO2 in Dulbecco’s 

modified Eagle medium.  The medium was supplemented with 10% fetal bovine serum, 100 

U/mL penicillin, 100 ug/mL streptomycin, and 2mM Glutamax (L-alanyl-L-glutamine).  .   

Nuclear Extracts 

 A variety of modifications were attempted on the nuclear extract protocol from Rahal et. 

al and Li et. al in order to optimize extract activity.  The following is a description of the basic 

protocol performed by Rahal et. al.  Table 1 summarizes significant modifications from this 

protocol.   Plates were grown to about 80% confluency on 150 mm tissue culture plates.  

Approximately 30 plates were used to prepare a nuclear extract.  Plates were scraped with a cell 

lifter on ice and the cells transferred to a 50 mL conical tube.  Each plate was washed with 500 

uL of chilled PBS to collect remaining cells.  The cells were centrifuged at 1850 x g for 2 min at 

4 ⁰C and then washed and resuspended  in 20 mL cold PBS.  Cells were pelleted by 

centrifugation at 1850 x g for 2 min at 4 ⁰C.  The cell pellet was resuspended by gentle swirling 

and 10 mL plastic pipet in three times the cell pellet volume with cold hypotonic buffer (0.25 
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mM EDTA pH 7.4).  Cells were again collected by centrifugation at 1850 x g for 2 min at 4 ⁰C.  

The cell pellet was resuspended in five times the pellet  volume in hypotonic buffer, and the 

suspension was incubated on ice for 30 min.  Nuclei were released by Dounce homogenization 

using a loose pestle (10-30 strokes). Nuclei release was monitored using DAPI staining and a 

Nikon Eclipse E800.  Nuclei were collected by spinning at 3000 x g for 30 min and resuspended 

in half the packed nuclear volume with resuspension buffer (20 mM HEPES pH 7.9, 25% 

glycerol, 1.5 mM MgCl2, 0.02 M KCl, 0.2 mM EDTA).  An equal volume of nuclear lysis buffer 

(same as resuspension buffer, but with 1.2 M KCl) was then added.  The resuspended nuclei 

were incubated on ice for 30 min, and then subjected to three freeze/thaw cycles by freezing in 

liquid nitrogen, followed by rapid thawing at 37 ⁰C.  This was followed by 50-100 strokes in a 

Dounce homogenizer with a tight pestle.  Nuclear homogenate was passed through a 25 ½ gauge 

needle three to six times and then centrifuged at 25,000 x g for 30 min.  The supernatant was 

dialyzed overnight at 4 ⁰C against dialysis buffer (50 mM Tris-Cl pH 7.5, 0.1 mM EDTA, 10 

mM 2-mercaptoethanol, 10% glycerol).  Protein concentration was determined by Bradford 

assay.  Samples were aliquoted, snap-frozen, and stored at – 80 ⁰C.     

DNA Degradation Assay 

 Figure 2 illustrates the assay used to assess DNA end degradation.  This assay was 

initially used to test CF and AT extracts.  71 and 76 bp oligomers simulate one end of a double 

strand break with a 5’ overhang (see Figure 2).  Both strands contained phosphorothioate 

linkages opposite the 5’ overhang in order to protect the duplex from complete degradation.  The 

5’ end of the 71-mer was labeled with either Cy3 or P32.  Cy3 labeled substrate was ordered 

from Integrated DNA Technologies.  Radioactively labeled 71-mer was constructed by 



  8 

 

incubating 10 pmol oligomer, 12 pmol γATP, T4 DNA Kinase, and 1x T4 Forward Reaction 

Buffer at 37 ⁰C for 1 hr.  The reaction mixture was then incubated at 75 ⁰C for 10 min to inactive 

the kinase.  A Biospin 30 Tris column was run to remove unincorporated γATP.   PEI 

Chromatography and scintillation counter was used to assess incorporation of radioactive 

phosphate into DNA.  71-mer and 76-mer were annealed by incubating equal numbers in 1x 

NEB-2 buffer for 1 min at 100 ⁰C in a dry heat block.  The heat block was removed from the 

heat source and the DNA cooled slowly until the block reached room temperature.  Cy3 labeling 

experiments used 45 pmol of DNA duplex per reaction, while P32 labeled used 20 fmol.  50 uL 

degradation assay reaction were assembled with DNA duplex and variable amounts of nuclear 

extract in reaction buffer (65.5 mM Tris-Cl pH 7.5, 10 mM MgSO4, 10 mM MnSO4, 91 nM 

EDTA, 9.1% glycerol) on ice and then incubated at 30 ⁰C for 15 min.  1x Protease Inhibitor 

Cocktail (Roche) was also included in the reaction set-up.  After the 15 min incubation, the 

reaction was stopped by the addition of 5 uL Stop Buffer (2% SDS, 50 mM EDTA, 1 mg/mL 

Proteinase K) and incubated at 37 ⁰C for 15 min.  7.5 uL formamide buffer (95% formamide, 

10mM EDTA pH 8, 0.1% bromophenol blue) was added to the reaction volume, which was then 

heated to 100 ⁰C for 5 min.  The reaction products were separated on a 12% acrylamide/7 M urea 

sequencing gel and visualized with a Typhoon 9410 Variable Mode Imager.  Radioactive gels 

were dried and exposed on a phosphor screen overnight prior to image visualization.         

Cloning: MMEJ Kan
R
 pUC19 Vector 

 Figure 3 summarizes the features of this vector.  The plasmid was designed by inserting 

the kanamycin resistance gene, along with an internal 53 bp multiple cloning site, into the vector.  

The MCS insertion and kan resistance gene contain a GGGT microhomology, such that MMEJ 
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using these exact two locations restores the functionality of the gene.  Transformation colonies 

can be replica plated from ampicillin LB plates to those with kanamycin in order to quantitate 

MMEJ activity in nuclear extracts.  The multiple cloning site and microhomology were obtained 

from Li et. al, 2001.  An outline of the cloning procedure used to make this vector is shown in 

Figure 4.  The 5’ and 3’ ends of the kanamycin resistance gene were amplified using Platinum 

Pfx DNA polymerase according to the manufacturer’s instructions.  Primers were designed in 

order to generate an EcoR1 and HindIII restriction site on either side of the gene as well as an 

inserted multiple cloning site with microhomology.  The Invitrogen Blunt TOPO vector was used 

as a template for MMEJ Kan
R
 amplification.  PCR products were ligated into Blunt TOPO vector 

and transformed into competent E. coli.  5 mL overnight cultures of colonies were grown for 

both 5’ and 3’ TOPO vectors and minipreps conducted.  EcoR1 digests were used to remove the 

insert and confirm it matched the 5’ or 3’ end of the Kan
R
 gene.  The complete MMEJ Kan

R
 gene 

was generated by digesting both TOPO vectors with ClaI and BamH1 overnight.  DNA was 

separated on a 1% agarose gel.  The bands corresponding to the 5’ insert and 3’ TOPO vector 

were removed and purified using a Zymoclean Gel DNA Recovery Kit.  Vector and insert were 

ligated with Quick T4 DNA ligase with roughly a ratio of 1:3, vector to insert.  The ligation 

products were transformed into competent cells and minipreps on colonies conducted.  The 

above procedure, along with EcoR1 and HindIII, was also used to insert the MMEJ Kan
R
 gene 

into pUC19 (see Figure 5).  A control vector, which included the kanamycin resistance gene 

without the inserted MCS, was constructed by using the forward 5’ and reverse 3’ primers in 

Figure 4.  This vector served as a positive control for the functionality of the gene in the pUC19 

vector.  The MMEJ Kan
R
 pUC19 and Kan

R
 pUC19 plasmids were sequenced by GENEWIZ 

with M13 forward and reverse primers.      
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DSB Repair Assay 

 A double strand break was generated in MMEJ Kan
R
 pUC19 and pUC19 by overnight 

digest with Cla1 and EcoR1, respectively.  In some samples, free 5’ phosphates were removed by 

Antarctic Phosphatase following digestion.  Digest products were run on a 1 % agarose gel and 

purified using the Zymoclean kit.  The repair assay protocol was adapted from Li et. al (2001).  

In vitro DSB repair buffer contained 65.5 mM Tris-Cl pH 7.5, 10 mM MgSO4, 1 mM ATP, 91 

nM EDTA, and 9.1% glycerol.  50 ng of digested and purified DNA was incubated in the repair 

buffer along with 20 ug nuclear extract for 6 hr at 30 ⁰C.  ATP was omitted in some samples as a 

negative control.  The reactions were stopped by adding 50 uL of water and 100 uL phenol.  The 

repair products were purified by phenol extraction and ethanol precipitation and brought up in 10 

uL water.  The entire 10 uL was used to transform 50 uL competent DH5α cells.  Transformants 

were plated on LB agar plates containing ampicillin.  750 ug X-gal, and 4 umol IPTG were 

spread on the surface of the plate prior to plating cells.  In the case of MMEJ Kan
R
 pUC19, half 

of the transformants were also plated on LB agar with kanamycin.  pUC19 colonies were 

counted and scored as either blue or white.  White indicates degradation prior to rejoining, since 

the EcoR1 site interrupts the β-gal gene.  MMEJ Kan
R
 pUC19 colonies were simply counted.  

Growth on the kanamycin LB plates suggests specific MMEJ joining, including deletion of the 

inserted MCS and use of the engineered microhomologies.  Plasmid prep was conducted on 

select colonies.  DNA was sequenced with a forward primer about 300 bp upstream from the 

EcoR1 cut site in order to determine the extent of deletions and microhomologies utilized in 

rejoining.      

Western Blotting  
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 Samples were separated on a 6% SDS-PAGE gel, transferred to nitrocellulose membrane, 

probed, and visualized with SuperSignal West Dura Extended Duration Substrate.  Primary 

antibodies dilutions were as following: Mre11 (AbCam) 1:50,000, ATM (Bethyl) 1:1,000. 

 

Results 

Nuclear Extracts and DNA Degradation Assay 

The DNA Degradation assay was used to test newly collected nuclear extracts.  Despite 

significant variation in nuclear extract preparation, all of the AT extracts behaved identically to 

each other and to the CF extracts in the DNA Degradation Assay.  Figure 6 is a gel that is typical 

of the results obtained when testing any of the extracts.  Full length 71-mer and intermediate 

degradation products are similar in all CF and AT extracts, and similar to the DNA-only control.  

Cytoplasmic fractions from some AT nuclear extract procedures were also tested in the assay and 

produced results similar to the nuclear extracts.  AT* in Figure 6 indicates an AT nuclear extract 

that was prepared by graduate student Elias Rahal prior to his graduation last May.  When 

incubated with the labeled DNA substrate, this extract showed high nuclease activity and no 

remaining full length 71-mer. 

Interestingly, the AT* extract had no Mre11 detectable by western blot (not shown).  

Figure 5 shows a blot probing for both Mre11 and ATM in nuclear extracts.  Full-length ATM 

was only visualized in CF and BLM extracts.  Mre11 was not present in all extracts, indicating 

significant variation in extract composition.    

DNA Repair Assay 
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 No colonies were obtained on LB kan plates with the MMEJ Kan
R
 pUC19 vector.  The 

EcoR1-digested pUC19 vector experiments produced interesting results.  Data from the first 

attempt at the assay, which utilized CF II and AT VII extracts, is displayed in Table 2.  A greater 

number of mutant white colonies was observed for repair products incubated in AT extract over 

CF extract.  The difference ranged from about a 6-fold difference in non-Phosphatase treated 

plasmids (0.5% white for CF and 3.3% white for AT) to a 4-fold difference in plasmids lacking 

5’ terminal phosphates (13.8% for CF and 50% for AT).  This suggests a greater frequency of 

degradation prior to rejoining by AT extract proteins.  This difference was ATP-dependent.  In 

ligase-supplemented reactions, a much greater number of colonies were obtained from samples 

that were not treated with Antarctic Phosphatase.  This suggested that the large majority of 

phosphatased DNA had 5’ end phosphates removed.  Ligase resulted in all blue colonies in non-

phosphatased samples.  In samples with phosphatased DNA and ligase, the same trend of a 

greater percentage of white colonies in AT extracts was observed.   

 The experiment above was repeated with the same extracts, and the results are listed in 

Table 3 under experiment 2.  Again, AT extracts displayed a greater extent of degradation 

around the Eco R1 cut site than CF extracts.  However, the difference was less drastic as in the 

previous experiment with less than a 2-fold difference (43.8% white for CF and 78.6% white for 

AT)  Much of this can be attributed to the small sample size in this experiment, a result of poor 

transformation efficiency of newly-made competent cells.  The DNA repair assay was conducted 

a third time with CF II and AT VII extracts, in addition to CF I, AT VIII, and BLM extracts.  CF 

I and AT VII both resulted in about 16% white colonies, while CF II and AT VIII had 8-9%.   
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 Select white colonies in the first two experiments described above were streaked onto LB 

amp plates containing IPTG and X-Gal and plasmid prep conducted in order to send repair 

products out for sequencing.  A significant number of white colonies turned pale blue when 

making master plates.  These samples are labeled light blue in Table 4, which summarizes the 

deletions in the mutant colonies.  Both experiments had repair products using site-specific 

MMEJ.  In other words, many rejoined plasmids within each experiment contained identical 

deletions.  A 300 bp deletion utilizing the microhomology AACGC was observed independently 

in both experiments.  The majority of microhomologies had GC content equal to or greater than 

50%.  Microhomologies in AT extracts also tended to be longer, and CF repair products were 

more likely to use expanded microhomologies.  Most light blue colonies harbored plasmids with 

1 or 2 nucleotide deletions.             

Discussion 

Nuclear Extracts and DNA Degradation Assay 

The results from the degradation assay imply little or no 3’ degradation by protein extract 

components.  With repressed nuclease activity, it is impossible to determine whether ATM is 

playing a regulatory role in inhibiting nucleases.  A variety of modifications to the protocol were 

attempted in order to gain extract activity.  This included the addition of washes of the nuclear 

pellet with Triton-X buffer to wash away possible inhibitors, varying the number of 

homogenization strokes in the nuclear collection and nuclear release stages, modifying spin 

durations and speeds, and precipitating extract proteins with ammonium sulfate.  All of these 

attempts yielded AT extracts with little nuclease activity and no discernable difference from CF 

extracts.  We also tried increasing the ratio of protein to DNA in attempts to see significant 
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degradation.  Figure 6 shows a 10-fold increase in protein concentration (100 ng vs. 10 ng), yet 

there is still no further degradation of the DNA substrate when compared to the lane with DNA 

alone.  The two best explanations for the lack of extract activity are that either something is 

present in the extracts that is inhibiting nucleases, or that other necessary components are 

missing from the extract.  The degradation assay may also not be sensitive enough to detect 

differences in behavior between extracts.  The results from the DNA repair assay are a testament 

to this fact, given that significant differences in repair fidelity and product identities were 

observed from extract to extract.  The high activity of AT* along with the absence of Mre11 

suggests that other nucleases may play an important role in the processing of DNA ends. 

 DNA Repair Assay 

 The incubation time for the repair assay was modified from Li et. al. because of the 

results from the degradation assay, and increased from 1 hour to 6 hours.  The concern was that 

an overall decrease in protein activity would produce few repair products.  Our rejoined plasmids 

had deletions that tended to be 300 bp or greater (Table 4) while the deletions in Li et. al were 

usually 100 bp or less.  The data suggests that the protein machinery responsible for resecting 

and rejoining DNA ends is time dependent.  Restoration of the kanamycin gene in the MMEJ 

Kan
R
 vector requires a deletion of only 53 bp.  The discrepancy between this required deletion 

size and those observed in the pUC19 repair assay could explain why the MMEJ plasmid failed 

to yield any colonies with kanamycin resistance.  Future work should include a time course to 

determine how time influences deletion size.  A shorter incubation time may result in the ability 

to measure and quantify MMEJ with the MMEJ Kan
R
 plasmid.       
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 The results from the first repair assay (Table 2) suggested that ATM inhibits degradation 

of free DNA ends.  AT extracts exhibited a 4 to 6-fold greater number of white mutant colonies, 

and thus a much greater extent of degradation before rejoining.  When streaking colonies on a 

master plate, it became apparent that the blue/white screening can be somewhat ambiguous, such 

that colonies that appeared white initially appeared light blue after streaking on a new plate.  

Thus, it is important that when counting white colonies, these colonies be restreaked prior to 

counting.  A large number of “white” colonies from the CF samples turned light blue after being 

replated.  These light blue colonies were NHEJ products and usually contained a deletion of only 

1 or 2 nucleotides (Table 4).     Restreaking white colonies allows for a more accurate depiction 

of degradation among extracts.  Adjusting for these colonies would result in an even larger 

difference in repair products between the two extracts since many CF white colonies became 

light blue and few AT ones did.   

 The 3
rd

 experiment, whose data is shown in Table 3, included two additional extracts.  

The CF II and AT VII extracts had 7.9% and 15.5% white colonies, respectively.  A higher 

percentage of white colonies in AT extracts was consistent with the findings from the first two 

experiments.  However, CF I and AT VIII exhibited reverse behavior with 15.5% and 8.8% 

white colonies, respectively.  This data sheds doubt on the results of the first two experiments.  

Rather than the absence or presence of ATM, the difference in repair products between CF II and 

AT VII could simply be variation in extract preparation.  This could explain why CF I and AT 

VII exhibit similar activity, along with CF II and AT VIII.  Despite the fact that extracts behaved 

identically in the degradation assay, the repair assay demonstrated significant variation.  With the 

current limited data it is difficult to attribute this variation to protein components of extracts, or 

simply differences in their preparation.  A set of CF and AT extracts were recently made on the 
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same day, and in exactly the same way in order to minimize variables that can lead to extract 

differences.  These extracts will be tested in the repair assay.  

 The results from the BLM extract used in the repair assay support the idea that the 

helicase may play a role in unwinding the duplex on either side of the DSB for microhomology 

exposure.  The Bloom’s extract had only 2.8% white colonies, a number significantly less than 

any other extract in any of the three experiments.  Like the AT and CF extracts discussed above, 

it is possible that this variation is due only to differences in extract preparation.  Collecting more 

BLM extracts and testing them in the assay could help determine whether the absence of 

functional Bloom’s helicase is responsible for decreased degradation.  This model might predict 

that BLM unwinds DNA duplex in order for other protein machinery to recognize 

microhomologies on either side of the break.  This unwinding and microhomology recognition 

may precede resection of the DNA ends so that nonfunctional BLM would result in no 

unwinding or recognition of MH’s, and subsequently minimal nuclease degradation.                 

 Assuming that the difference between CF II and AT VII was the lack of functional ATM 

in the AT extract, the repair products from these extracts (Table 4) had interesting and defining 

characteristics.  AT extracts used larger microhomologies on average.  Using the strict definition 

of 5 bp or greater microhomologies for MMEJ, the AT extract was the only one to exhibit MMEJ 

repair pathways.  All microhomologies were GC rich, which suggests that energetics and 

stability in base pairing is a major force in selecting preferred sites for microhomology 

annealing.  This assertion is also consistent with the fact that rejoining was site specific and 

preferred certain microhomologies over others.  More than half of sequenced CF extract repair 

products used expanded microhomologies that include mismatches and gaps.  Perhaps CF cells 
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which have the MMEJ pathway downregulated by ATM only utilize the error-prone method of 

repair when energetics of microhomology annealing are especially favorable such as when 

lengthy imperfect MH’s are present.    
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Table 2  : pUC19 Repair Products in set of Nuclear Extracts 

 
Extracta 

Free 5’ 
Phosphateb 

 
Ligasec 

 
ATP 

Total 
Colonies 

 
% Blue 

 
% White 

CF + - - 350 18.6 81.4 
  + + TMTCd 100 0 
  - + 413 99.5 0.5 

AT  - - 253 9.5 90.5 
  + + TMTC 100 0 
  - + 1100 96.7 3.3 

None  + + TMTC 100 0 

CF - - - 7 28.6 71.4 
  + + 294 91.5 8.5 
  - + 87 86.2 13.8 

AT  - - 11 36.3 63.6 
  + + 1170 20.5 79.5 
  - + 36 50 50 

None  + + 124 91.1 8.9 
 

at This experiment utilized CF II and AT VII (See Table 1 ) 

b Samples marked (–)  were incubated with Antarctic Phosphatase to remove free 5’ phosphates 
following digestion by EcoR1. 

c Samples marked (+) contained 1 uL (2,000 U) of T4 DNA ligase as a component of the 50 uL repair 
reaction.     

d TMTC indicates too many to count.  These plates contained all blue colonies at a density that made it 
difficult to count.    
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Table 3  : Summary of pUC19 Repair Products in Multiple Extractsa 

 
Experiment 

 
Extractb 

 
ATP 

Total 
Colonies 

Blue:White 
Ratio 

 
% White 

1 CF II - 7 2:5 71.4 
  + 87 75:12 13.8 
 AT VII - 11 7:4 63.6 
  + 36 18:18 50 

2 CF II - 5 2:3 60 
  + 16 9:7 43.8 
 AT VII - 2 0:2 100 
  + 14 3:11 78.6 

3 CF II - 32 29:3 9.4 
  + 1445 1331:114 7.9 
 CF I - 388 377:11 2.8 
  + 736 622:114 15.5 
 AT VII - 9 8:1 11.1 
  + 1301 1099:202 15.5 
 AT VIII - 26 21:5 19.2 
  + 341 311:30 8.8 
 BLM - 126 124:2 1.6 
  + 675 656:19 2.8 

 

a In the summary above, all pUC19 DNA had 5’ phosphates removed by Antarctic Phosphatase.      

b See Table 1 for Extract Preparation Conditions 
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Table 4  : Deletion Characteristics in pUC19 Repair Productsa 

 
Experiment 

 
Extractb 

 
Colorc 

Deletion 
Size 

Upstream 
Deletiond 

Downstream 
Deletiond 

Perfect  
MH 

Expanded 
MHe 

Times 
Observed 

1 CF White 2 2 0 G -- 2 
   191 37 154 GGG GTAAAGCCTGGG 1 
   463 5 458 CCGC GTAAAAAGGCCGC 1 
 AT White 14 5 9 GC -- 2 
   96 72 24 GGGGAT -- 2 
   127 113 14 TCGGT -- 2 
   191 37 154 GGG GCCTGGG 1 
   300 42 258 AACGC -- 4 
   344 124 220 GGGAA -- 1 
 CF Light Blue 1 -- -- -- -- 4 
   26 -- -- -- -- 1 
 AT Light Blue 1 -- -- -- -- 2 

2 CF White 142 82 60 GGCG AGCTTGGC 2 
 AT White 26 6 20 CGG -- 1 
   300 42 258 AACGC -- 1 
   300 41 259 AACGCG -- 1 
   322 85 237 GCCAGCTG -- 2 
   322 84 238 GCCAGCTGC -- 1 
   330 59 271 AGGCG -- 2 
   346 124 222 GTCGGGAA -- 1 
 CF Light Blue 2 1 1 -- -- 1 
   1 -- -- -- -- 3 

 

a In the summary above, all pUC19 DNA had 5’ phosphates removed by Antarctic Phosphatase.      

b CF II and AT VII used 

c For miniprep, colonies were streaked on fresh LB Amp master plate containing IPTG and X-Gal.  White 

indicates colonies that remained white, while Light Blue indicates white colonies that appeared light 

blue upon streaking.   

d Upstream refers to the direction away from the Hind III restriction site on the sequenced strand.  

Downstream is the opposite direction.  Deletions were quantitated in either direction from the EcoR1 

cut site.   

e Expanded microhomologies are imperfect base pairings between the homologous sequences on either 

side of the DSB.  Letters in bold indicate locations of non-Watson-Crick pairing or gaps/bulges.   
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