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Abstract

We showed before that long linear DNA molecules containing single-strand interruptions and 

undergoing pulsed-field gel electrophoresis (PFGE) tend to break into subfragments 

(electrophoretic nick instability). Here we show that circular chromosomal DNA with single-

strand interruptions remains in the wells during PFGE. This means that the presence of nicks in 

immobile circular DNA is not enough to break this DNA during PFGE. In other words, under the 

conditions of our study, the artifactual conversion of nicks into double-strand breaks that we detect 

in linear DNA does not contribute to the overall level of chromosomal fragmentation, as measured 

by PFGE.
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Results

Pulsed-field gel electrophoresis (PFGE) extends the resolution range of agarose gel 

electrophoresis of nucleic acids from its upper limit of ~ 40 kbp [1] all the way to 10 Mbp 

[2]. PFGE is also a game-changer for detection of chromosomal fragmentation in 

prokaryotes [3], because intact prokaryotic chromosomes are mostly circular, and circular 

DNAs 30 kbp or longer fail to enter pulsed-field gels [4,5], while linear DNAs up to the full 

chromosome size enter the gel and resolve by size [2]. Development of methods for 

quantification of chromosomal fragmentation in E. coli facilitated mechanistic studies of this 

phenomenon in various mutants and/or under conditions of DNA damage [3,6–8]. In both 

types of perturbations of the DNA metabolism, the chromosomes suffer from multiple 

single-strand breaks (nicks), the most common type of DNA lesions. Some of these single 

strand interruptions would then be converted by chromosomal replication into double-strand 

breaks [9,10], and the resulting chromosomal fragmentation is detectable and quantifiable by 

PFGE.
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Although circular DNA does not enter pulsed-field gels, and relaxation of the circular DNA 

should not change its (im)mobility, it was conceivable that some nicks could turn into 

double-strand breaks in PFGE conditions, and the resulting linear DNA would then enter the 

gel. For example, we have shown before [11] that long linear DNA fragments containing 

nicks are fragmented into smaller pieces during PFGE, displaying “electrophoretic nick 

instability”. At the same time, this artificial fragmentation during PFGE did not lead to 

increase in the fraction of the total DNA migrating in the gel as linear, suggesting that 

circular nicked species do not turn into linear species during PFGE and do not enter the gel 

[11]. To test directly whether nicked circular DNA in the agarose plug is broken artificially 

during electrophoresis, we did the following experiment.

Since a replicating chromosome, even if broken at a couple of places, may still have problem 

entering the gel due to its branched nature, we sought to minimize DNA replication in the 

chromosome that we nicked in vivo. For this, we grew E. coli cultures to early stationary 

phase to allow the replication activity to subside, irradiated these still metabolically active 

cells with UV doses (48 J/m2) producing ~3,000 pyrimidine dimers per genome equivalent 

[12], allowed short time for nucleotide excision repair (NER) to initiate excision of these 

lesions and isolated chromosomal DNA in agarose plugs for subsequent PFGE (Fig. 1A). 

Effectively, we have circular chromosomes with minimal replication activity, but at the same 

time with at least several single-strand interruptions due to initiated excision repair of 

multiple UV-lesions. If pulsed-field gel electrophoresis turns some of these single-strand 

breaks into double-strand breaks, we should have observed increased chromosomal 

fragmentation in the NER+ (Uvr+) UV-irradiated sample, and this increase would be mostly 

eliminated in the NER-negative (uvrA mutant) sample after UV-irradiation. Contrary to this 

expectation, we observed no statistically-significant increase in chromosomal fragmentation 

upon UV-irradiation, both in Uvr+ and uvrA mutant cultures (Fig. 1BC), suggesting no 

electrophoretic nick instability of circular DNA in PFGE.

There was a possibility that NER loses its efficiency in the early stationary cells. To check 

whether there is enough nicks in these chromosomal DNA preparations, we used the 

demonstrated ability of PFGE to break long linear DNA molecules at nicks [11]. For this, we 

cut the same preparations of chromosomal DNA from the early stationary UV-irradiated 

cells with NotI restriction enzyme and followed the fate in PFGE of the longest NotI 

fragment (1.003 Mbp) (Fig. 2A). According to our previous findings, the presence of nicks 

in this fragment should destabilize it in PFGE conditions, reducing its representation in the 

overall digest signal. This is exactly what we have observed: UV-irradiation has reduced the 

1 Mbp NotI fragment from the NER+ cells in half, but did not affect this same fragment 

from the NER− cells (Fig. 2BC). Since this fragment is ~4.5-times shorter than the overall 

E. coli chromosome, and yet is significantly degraded by the combined action of NER and 

PFGE, we conclude that circular chromosomes are not affected by the same electrophoretic 

nick instability.

Our current results further support our previous conclusion that migration through the gel is 

required for breakage of long linear DNA at nicks. Besides circular DNA, chromosome-size 

replication intermediates are also unable to migrate into pulsed-field gel, because of their 

branched structure. Therefore, a small number of single-strand interruptions, even if 
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converted into DSBs, may still be insufficient to force the branched DNA into the gel, 

making artificial inflation of chromosomal fragmentation after DNA damaging treatments of 

replicating cells even less likely. Another corollary of our finding is that, since double-strand 

breaks in DNA rarely happen without accompanying (and frequently more numerous) 

single-strand breaks, prokaryotic cells (with their circular chromosomes) offer a more 

reliable system to quantify the true density of double-strand breaks than eukaryotic cells 

(with their linear chromosomes) do.

In summary, the results of this study show that if, for any reason (in this case, the circular 

nature of the chromosomes) DNA molecules fail to enter the gel, they resist breakage during 

PFGE even if they harbor a few nicks.
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Abbreviations

UV ultraviolet light

NER nucleotide excision repair

CZ compression zone
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Fig. 1. Multiply-nicked circles do not enter pulsed-field gel
A. A scheme of the experiment: early-stationary cells (so that most chromosomes have no 

replication bubbles), grown with 32P orthophosphoric acid to label chromosomal DNA, are 

irradiated with high UV doses (introducing ~1,500 pyrimidine dimers per genome 

equivalent) as described [7,11]. Following UV exposures, the cells were diluted in spent LB 

to keep replication inhibited and, after giving 10 minutes at 37°C for nucleotide excision 

repair (NER) to initiate lesion removal, their chromosomal DNA is isolated in agarose plugs 

and subjected to pulsed-gel electrophoresis to reveal chromosomal fragmentation [7,8].

B. A representative pulsed-field gel of NER+ (AB1157) versus NER− (uvrA mutant, 

SRK303-1) cells. CZ, compression zone.

C. Quantification of several gels like in “B”. Chromosomal fragmentation is quantified as 

the percentage of the total DNA (well + lane) found in the lane. The data are averages ± 

SEM, with n = 4 or 5. P is a two-tail probability that two values are different (should be 0.05 

or less for them to be considered different).
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Fig. 2. Nicked linear pieces are additionally fragmented during electrophoresis
A. A scheme of the experiment: early-stationary cells were exposed to UV and made into 

agarose plugs as described in figure 1. The agarose plugs were washed in TE, digested with 

Not I and subjected to pulsed-gel electrophoresis to reveal any decrease in 1 Mbp band [11].

B. A representative pulsed-field gel of NER+ (AB1157) versus NER− (uvrA mutant, 

SRK303-1) cells. 1 Mb, the 1 Mbp Not I fragment, whose quantity is shown in “C” as the 

fraction of the total DNA signal in the gel.

C. Quantification of several gels like in “B”. The data are averages ± SEM, with n = 4 or 5. 

P is two-tail probability that the two values are different. The two values in the NER+ cells 

are (P<<0.05).
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