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Summary

Replication stress is a crucial driver of genomic instability. Understanding the mechanisms of 

replication stress response is instrumental to improve diagnosis and treatment of human disease. 

Electron microscopy (EM) is currently the only technique that allows to directly visualize a high 

number of replication intermediates and to monitor their remodeling upon stress. At the same 

time, DNA fiber analysis is useful to gain mechanistic insight on how genotoxic agents perturb 

replication fork dynamics genome-wide at single-molecule resolution. Combining these 

techniques has proven invaluable to achieve a comprehensive view of the mechanisms that ensure 

error-free processing of damaged replication forks. Here, we review how EM and single-molecule 

DNA fiber approaches can be used together to shed light into the mechanisms of replication stress 

response and discuss important cautions to be taken into account when comparing results obtained 

by EM and DNA fiber.

Graphical Abstract

Aberrant DNA replication is one of the leading causes of mutations and chromosome 

rearrangements associated with several cancer related pathologies [1]. An accurate response 
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to replication insults is mandatory for the faithful transmission of genetic information to 

daughter cells [2, 3]. Replication forks are constantly challenged and arrested by DNA 

lesions induced by endogenous and exogenous agents. In addition to DNA lesions, intrinsic 

replication fork obstacles such as transcribing RNA polymerases, unusual DNA structures, 

tightly-bound protein-DNA complexes, and oncogene activation challenge DNA replication 

fork progression. At the same time, agents that stall or damage DNA replication forks are 

widely used for chemotherapy, in the attempt to selectively target highly proliferating cancer 

cells [4]. Thereby, understanding the mechanisms of replication stress response following 

genotoxic stress induction is rapidly emerging as a central theme in cell survival and human 

disease.

Replication stress can be defined as the transient slowing or stalling of replication forks due 

to genotoxic insults. These insults might perturb replication fork structure, for example by 

promoting accumulation of single-strand DNA (ssDNA) regions where the template is not 

promptly replicated (Figure 1). ssDNA at replication fork junctions might originate from 

physical uncoupling of the replicative helicase that continues to unwind the DNA duplex 

after the polymerase stalls [5–8]. Furthermore, ssDNA gaps can be transferred behind a 

damaged replication fork, if replication restarts before the lesion is repaired or as a 

consequence of a faulty replication stress response mechanism [6, 9–11]. ssDNA 

accumulation upon replication stress is also contributed by nucleases, which play key roles 

in processing stalled replication intermediates [12–16]. They promote the limited 

degradation of nascent DNA strands required for efficient fork restart [12, 15, 17, 18]. 

However, they can also promote an extensive and uncontrolled degradation of stalled 

replication intermediates under pathological conditions. For example, the MRE11 nuclease 

is involved in the extensive resection of stalled replication forks in the absence of selected 

Fanconi Anemia (FA) and Homologous Recombination (HR) factors, including the Fanconi 

Anemia Complementation Group D2 (FANCD2) factor and the Breast Cancer Susceptibility 

factors BRCA2 and BRCA1 [13, 14, 16]. This extended fork degradation leads to long 

ssDNA stretches and is one of the leading causes of chemosensitivity of BRCA1- or 

BRCA2-deficient tumors [19].

Genotoxic insults can also lead to remodeling of the canonical three-way junctions present at 

replication forks into four-way junctions, called reversed replication forks [20]. Fork reversal 

is a remarkably frequent mechanism of replication stress response, that allows replication 

forks to reverse their course in response to genotoxic insults—including a variety of 

chemotherapeutic treatments—thereby preventing fork collision with the drug-induced DNA 

damage [8, 21, 22]. In this respect, detecting changes in fork architecture and the local 

accumulation of ssDNA is pivotal to define the mechanisms by which replication forks deal 

with genotoxic insults. Interestingly, the same FA/HR factors that control MRE11 nuclease 

activity and ssDNA accumulation are also emerging as key players involved in different 

aspects of fork remodeling [8, 23, 24], making this structural analysis instrumental to 

understand clinically relevant phenomena and thereby to potentially improve cancer 

chemotherapeutic treatments.

The development of new single-molecule DNA fiber and EM approaches and their use to 

answer key mechanistic questions on replication stress has provided a unique set of tools to 
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detect ssDNA discontinuities, reversed replication forks and other types of replication 

perturbations [22, 25–30]. Most approaches routinely used to study DNA replication 

dynamics and perturbations provide parameters obtained from an ensemble of cells. 

Conversely, DNA fiber analysis and EM provide data on the status of replication forks at the 

genome-wide level by cumulative analysis of individual DNA molecules [27, 31, 32]. Here, 

we discuss the possible applications of these two techniques to the field of replication stress 

response. We also discuss how these two techniques might lead to apparently controversial 

results if data are not properly interpreted and the new directions that could be taken to 

increase their applications in cancer research.

Single molecule DNA fiber

This single-molecule analysis of replication exploits the ability of many organisms to 

incorporate halogenated pyrimidine nucleoside analogs into replicating DNA and provides a 

powerful tool to monitor genome-wide replication perturbations at single-molecule 

resolution [25, 26, 28, 31, 33–35]. Briefly, ongoing replication events are sequentially 

labeled with two thymidine analogs—e.g., iododeoxyuridine (IdU) and chlorodeoxyuridine 

(CldU)—and individual two-color labeled DNA tracts are visualized on stretched DNA 

fibers by immunofluorescence. Following the pulse-labeling, the individual DNA molecules 

are stretched into fibers either using the combing [25, 26] or spreading [28] techniques (for a 

detailed description of the protocols utilized for the single-molecule analysis of DNA 

replication intermediates see [32]). This simple labeling scheme allows monitoring several 

key replication parameters. First, measurements of the length of consecutive IdU-CldU tracts 

provide the speed of ongoing replication forks, whereas analysis of IdU-only tracts provides 

information on the frequency of stalled/terminated replication events (Figure 2A). In 

addition, an estimation of the number of newly initiated forks can be obtained by measuring 

frequency of CldU-only or CldU-IdU-CldU tracts. New initiation events can be quantified 

more accurately by measuring the inter-origin distance, which is the distance between two 

adjacent two-color labeled replication events [30]. To measure the inter-origin distance, it is 

however crucial to counterstain the entire DNA filaments to confirm that two replication 

events belong to the same molecule and that DNA fibers are not broken. Alternatively, 

global replication fork density can be estimated even more accurately by dividing the total 

number of two-color labeled forks by the total length of counterstained DNA fiber analyzed 

[36]. This density is then divided by the fraction of cells in S phase to determine the number 

of forks that are active at any time during the S phase. Counterstaining the DNA filaments is 

also useful to simultaneously monitor the synchronized progression of two sister forks 

emanating from a give origin. In this context, fork asymmetry can be measured from the 

ratio between the two sister forks and used as a parameter to estimate the frequency of fork 

stalling/collapse [37, 38]. For these types of analyses the combing approach is certainly 

favorable [33, 35, 37, 38], as it aligns all molecules along a single axis, preventing excessive 

crossing of DNA fibers.

DNA fiber analysis can be also used to study how specific genotoxic agents perturb 

replication fork progression [8, 21, 22, 39, 40]. In this case, cells are generally pulse-labeled 

with the first thymidine analog IdU (red label), followed by treatment with a selected 

replication inhibitor or DNA damaging agent, and concomitant (or subsequent) labeling with 

Vindigni and Lopes Page 3

Biophys Chem. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the second thymidine analog, CldU (green label) (Figure 2B). The labeling times for the first 

and second label can vary depending on the particular cell type or genotoxic agent used for 

these experiments (generally between 15 and 60 min). If treatment with the selected 

genotoxic agent decreases the rate of fork progression, the mean tract length of the second 

label (green) will be smaller compared to the untreated control (Figure 2B). In addition, the 

ability of replication forks to restart following damage induction can be measured by 

quantifying the frequency of IdU-CldU (red-green) tracts (restarting forks) [19, 40, 41]. 

Conversely, forks containing only the first label correspond to termination events and stalled 

forks that were unable to restart following drug treatment.

Nucleolytic resection following replication fork stalling can be monitored using the same 

labeling scheme described above [13, 14, 16, 19, 42, 43]. In this case, nucleolytic resection 

of both strands of a stalled replication forks results in shortening of the first tract (the one 

where the thymidine analog was incorporated before drug treatment) (Figure 2C). This 

approach has been recently used to demonstrate that the MRE11 nuclease promotes the 

extended degradation of unprotected replication forks in the absence of BRCA1 or BRCA2 

[13, 14, 16, 19]. An important caution to use in this analysis is that shortening of the first 

tract should be measured only on forks characterized by contiguous IdU-CldU signals (and 

not on forks that have only the IdU label) to ensure that the shortening phenotype is indeed 

due to nucleolytic resection of stalled replication forks that can resume DNA synthesis and 

not to premature termination events (which would carry only the first label). In addition, the 

results might be significantly affected by the kind of drug used to stall or slow down 

replication forks. For example, hydroxyurea, which transiently inhibits DNA synthesis by 

causing an imbalance in the deoxyribonucleotide pool, is a widely used for this kind of 

experiments because it causes a global perturbation on all ongoing replication forks [13, 14, 

19]. Conversely, drugs that induce specific DNA lesions, such as interstrand cross-linking 

agents or UV light, can be used for these experiments with the limitation that forks in close 

proximity to the lesion might be differentially perturbed compared to replication forks that 

are distant. In this regard, a recently developed quantum dot technology allowed 

visualization of the cross-linked sites on genomic DNA [44]. Using the quantum dot 

technique, the authors elegantly demonstrated that replication forks that meet the cross-

linked site are able to traverse the damaged site and continue replicating, although with some 

delay [44]. Whether forks that are in close vicinity to DNA lesions are differentially 

perturbed compared to distant forks remains an open question in the field. To properly 

address this question, future studies should extend the quantum dot technology to other 

drugs or replication inhibitors by using custom-made antibodies or novel strategies that 

specifically detect DNA lesions on genomic DNA.

Electron microscopy

EM has proven extremely useful to gain mechanistic insight on how different kinds of 

genotoxic stress perturb DNA replication and is the only technique that allows direct 

visualization and quantification of DNA replication intermediates to date [8, 15, 20]. The 

fine architecture of replication intermediates is inspected using a combination of in vivo 
psoralen cross-linking and EM, as already described [27]. The crosslinking step is required 

to preserve the DNA structures from living cells during the extraction and enrichment 
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procedures that precede EM visualization (for a detailed description of the experimental 

procedure see [27]). EM analysis allows distinguishing duplex DNA—which is expected to 

appear as a 10 nm thick fiber, after the platimun/carbon coating step necessary for EM 

visualization—from ssDNA, which has a reduced thickness of 5–7 nm. EM detection of 

ssDNA stretches could be assisted by adding specific ssDNA binding proteins to specifically 

“label” the ssDNA regions [6, 45]. The unequivocal identification of replication fork 

structures requires high magnification images to differentiate a true junction from occasional 

overlaps of two DNA molecules. In addition, replication forks should be normally 

characterized by two arms of equal length resulting from enzymatic digestion of replicating 

genomic DNA.

EM can be used to identify the presence of ssDNA gaps either at fork junctions or along 

replicated duplexes (Figure 3). This analysis has been instrumental to confirm that the 

formation of ssDNA stretches at replication fork junctions is indeed a common structural 

determinant linked with replication stalling following treatment with a wide variety of 

genotoxic agents [8]. Conversely, accumulation of “internal” unreplicated ssDNA gaps could 

reflect repriming mechanisms that can reinitiate DNA synthesis beyond a polymerase-

blocking lesion, possibly coupled to processing and extension of the resulting ssDNA gap 

[24].

Another structure typically detected by EM—which is not unambiguously identified by 

biochemical or molecular biology approaches—is a reversed replication fork (Figure 3B). 

The criteria used for the unequivocal assignment of reversed forks are similar to those 

previously discussed for the identification of three-way junctions forks [27]. In particular, 

the presence of a rhomboid structure at the junction itself provides a clear indication that the 

junction is opened up and that the four-way junction structure is not simply the result of the 

occasional crossing of two DNA molecules. In addition, the length of the two arms 

corresponding to the newly replicated duplex should be equal (b=c), whereas the length of 

the parental arm and the regressed arm can vary (a ≠ b = c ≠ d). Conversely, canonical 

Holliday junction structures will be characterized by arms of equal length two by two (a = b, 

c = d). For a more detailed description of the parameters that need to be taken into account 

for a reliable assignment of reversed fork structures we refer the interested reader to [27]. 

Despite some skepticism on the existence and the physiological role of these structures, the 

use of EM to detect reversed forks has recently allowed to establish fork reversal as a 

remarkably frequent mechanism that enables DNA replication forks to assist DNA damage 

repair and tolerance in metazoan cells [8]. In addition, genetic knockdown studies have 

started to reveal key cellular factors required both for the formation and the resolution of 

reversed replication forks [8, 15, 21, 22, 46].

More in general, EM can be used to monitor any kind of alterations in the genomic DNA 

structure including the formation of ssDNA bubbles, loops or alternative DNA structures 

[29, 47]. In addition, EM can be used to derive information on nucleosome positioning and 

dynamics at replication forks based on the principle that nucleosomal DNA is inaccessible to 

the cross-liking agents used to stabilize replication intermediates prior extraction of the 

genomic DNA [27]. In particular, upon psoralen crosslinking in vivo and denaturation of 

deproteinized DNA prior to EM visualization, the DNA strands would separate in-between 
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crosslinks, appearing as a string of “ssDNA bubbles” separated by cross-linked sites. Each 

of those ssDNA bubbles represents the position of a nucleosome in vivo, providing precious 

information on chromatin structure on replicating genomic DNA [27, 48, 49].

Combining DNA fiber and electron microscopy results

One of the major advantages of the DNA fiber technique is that allows genome-wide 

monitoring of replication fork dynamics by cumulative analysis of individual replication 

molecules over a prolonged period of time. However, stretched DNA fibers have a stretching 

range from 2 to 4kb/μm depending on the stretching technique [26, 30, 50], thereby limiting 

the resolution of the DNA fiber technique to few kilobases of DNA. The other relevant 

limitation of the DNA fiber technology is that it does not allow distinction of the two newly 

replicated tracts because they are both equally labeled with the thymidine analogs and they 

are “collapsed” in a single fiber upon DNA stretching. The EM technique has a much higher 

resolution—i.e., 30–50 base pairs [8, 27]. In addition, EM images show the actual Y-shaped 

structure of a replication fork with the two daughter strands branching from the three-way 

junction, even though they do not allow distinction of the leading and lagging strands. When 

comparing DNA fiber and EM results, another important aspect to the taken into 

consideration is that EM is a “static” method, which only takes snapshots of a reaction by 

“freezing” the replication intermediates with the cross-linking step. Conversely, the DNA 

fiber technology allows monitoring the dynamics of replication perturbation for a prolonged 

period of time, corresponding to the timing of the thymidine-analog incorporation on 

replicating DNA.

These differences between the two techniques become particularly relevant when studying 

the nucleolytic degradation of stalled replication intermediates. The nuclease-mediated 

degradation of stalled forks must occur on both strands in order to be detected as a 

shortening phenotype by DNA fiber because both tracts are labeled by the same thymidine 

analogs, as already discussed. In addition, this degradation must lead to the loss of several 

kilobases of DNA in order to be detected by DNA fiber because of the lower resolution of 

this technique. Conversely, the higher resolution power of the EM technique allows 

detecting short ssDNA discontinuities present in either of the newly replicated tracts. For 

example, the EM technique was instrumental to show that the RAD51 recombinase is 

required to prevent formation of short ssDNA gaps on newly replicated DNA in Xenopus 
egg extracts [24]. In particular, RAD51 limits the MRE11-dependent resection of internal 

ssDNA gaps that might form when persistent DNA lesions move behind the fork to be 

repaired postreplicatively. These internal ssDNA gaps are present on both nascent strands 

and are in most cases shorter than 300 nucleotides. This limited nascent DNA degradation 

can only be detected by EM, but could also give rise to a more extensive degradation on both 

nascent strands, a condition necessary to detect complete loss of signal by fiber analysis.

Along the same line, recent studies showed that the human DNA2 helicase promotes the 

limited degradation of reversed replication forks to mediate their restart after prolonged 

replication arrest [15]. This conclusion was again mainly derived from EM experiments 

showing that reversed forks accumulate in the absence of DNA2 and that DNA2-mediated 

resection is directed to completely or partially digest one strand of the reversed arm (Figure 
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4). However, DNA fiber analysis performed under similar conditions of prolonged 

replication arrest suggested that DNA2 can degrade stalled replication intermediates for 

several kilobases beyond the maximum length of the reversed arms measured by EM. A 

possible interpretation of these results is that after the initial DNA2-mediated regressed arm 

degradation is complete, other nucleolytic activities or DNA2 itself may co-degrade both 

sides of the replication fork under conditions of prolonged replication arrest, thus leading to 

extensive degradation events detectable by DNA fibers. In this scenario, the EM images 

likely represent snapshots of the “slow step” of this reaction—i.e., the DNA2-mediated 

degradation of the regressed arms—resulting in the drastic increase in reversed fork 

frequency observed in the absence of DNA2. Once the regressed arm has been resolved, the 

nucleolytic degradation might quickly proceed to degrade nascent strands behind the 

junction finally leading to reannealing of the parental strands and “backtracking” of the fork 

(Figure 4). A new reversal event may occur when this extensive degradation leads to 

asymmetric ssDNA accumulation at the fork, resetting the backtracked fork in the “slow 

step” of the process. This sequence of events would be effectively detected by fibers as fork 

backtracking, while EM would simply enrich for snapshots of the “slow steps” of a more 

extensive reaction.

Future directions and concluding remarks

The single-molecule DNA fiber and electron microscopy techniques provide a unique set of 

tools to investigate the molecular mechanisms of replication stress response and how these 

mechanisms impact on cancer and aging. The recent development of novel technologies to 

specifically detect DNA lesions open new avenues to improve even further the potential 

applications of DNA fiber and EM in the replication field. In particular, a novel generation 

of antibodies is now available to probe specific kinds of DNA lesions—e.g, interstrand 

crosslinks [44], R-loops [51–53], or topoisomerase I-DNA covalent complexes [54]. These 

antibodies can be gold-labeled or detected using highly fluorescent quantum dots, thus 

allowing a direct visualization of the DNA lesion on genomic DNA at single molecule 

resolution. The combination of these novel lesion-detection techniques with DNA fiber and 

EM will answer several important biological questions. For example, this approach has 

recently been used to study forks that face site of DNA crosslinks [44]. These studies 

highlighted a novel mechanism by which forks can “traverse” inter-strand DNA crosslinks 

instead of being stalled as originally assumed. More in general, combining these lesion-

detection approaches with the DNA fiber technology will be invaluable to establish whether 

forks in the proximity of DNA lesions are differentially perturbed compared to distant forks. 

Moreover, combining the same techniques with EM will be useful to determine which is the 

minimal distance between a three-way junction fork and a lesion necessary to activate the 

fork reversal mechanism.

Another unexplored area in the field relates to nucleosome deposition on reversed replication 

forks, or more in general at stressed forks. Histones are evicted ahead of the fork during 

normal DNA replication and this process is accompanied with their recycling and new 

histone deposition on the recently replicated daughter strands to restore chromatin on newly 

synthesized DNA [55]. Interestingly, replication stress interferes with histone recycling with 

potential impact on epigenetic stability [56, 57]. However, how replication stress interferes 

Vindigni and Lopes Page 7

Biophys Chem. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with nucleosome deposition is still poorly understood. Moreover, whether the regressed arm 

of a reversed replication fork is coated by histones and how this eventually affects fork 

remodeling and restart is still unknown. An important avenue for future EM studies will be 

to derive information on nucleosome positioning and dynamics at replication forks from 

denaturing EM spreadings, by looking at string of “ssDNA bubbles”—representing the 

position of a nucleosome—separated by cross-linked sites.

We envision that DNA fiber and EM techniques will be increasingly used together to shed 

light onto the constantly growing number of DNA replication stress response mechanisms. 

Moreover, the combination of these techniques with the recently developed approaches to 

study the loading of factors on newly replicated DNA—i.e., isolation of proteins on nascent 

DNA (iPOND) [58, 59] and chromatin immunoprecipitation (ChIP) sequencing [60, 61]—

will likely lead to major breakthrough discoveries in the near future.
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Highlights

• EM is currently the approach of choice to visualize replication intermediates

• EM is a static approach, providing snapshots of the most abundant 

intermediates

• DNA fiber monitors replication dynamics genome-wide at single-molecule 

resolution

• Combining carefully EM and DNA fiber data is powerful to define replication 

stress
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Figure 1. Mechanisms of replication fork processing and restart
Different mechanisms may resume DNA synthesis when replication forks are stalled by a 

leading strand lesion (blue triangle). (A) Fork uncoupling: Replication fork uncoupling leads 

to ssDNA accumulation at the fork junction through functional dissociation of the MCM 

helicase and the stalled polymerase. Alternatively, fork uncoupling may result from 

nuclease-mediated resection of stalled forks. (B) Fork reversal: Replication forks might 

reverse before encountering the lesion giving time for DNA repair in the duplex template 

before forks are restarted. (C) Alternatively, fork reversal may promote lesion bypass via 

template switching. (D) Translesion Synthesis (TLS): Low fidelity TLS polymerases may 

function at stalled replication forks to ensure continued DNA synthesis through damaged 

templates. (E) Fork repriming: DNA synthesis can be reprimed (red arrow) and reinitiated 

ahead of a lesion or block. The resulting gaps are repaired post-replicatively by a 

recombination-based mechanism or by specific Translesion Synthesis (TLS) polymerases. 

(F) Unscheduled resection: FA/HR proteins, including BRCA1, BRCA2 and FANCD2, 

regulate the stability of stalled replication forks, and prevent extended nucleolytic 

degradation of nascent strands. Uncontrolled nuclease activity may lead to extended nascent 

strand degradation, and the resulting nuclease-dependent ssDNA gaps that form behind the 

forks could promote reannealing of the parental strands and “fork backtracking”. 

Alternatively, prolonged fork stalling may promote “fork breakage” by structure-specific 

endonucleases. Broken forks are able to resume DNA synthesis by the error-prone Break-

Induced Replication mechanism.
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Figure 2. Studying DNA replication fork dynamics by DNA fiber analysis
(A) Schematic of the labeling patterns obtained for a bidirectionally progressing fork with 

equal pulse labeling with ldU (red) and CIdU (green). Upon detection of the ldU and CIdU 

tracts, different types of labeling patterns might be obtained corresponding to ongoing or 

terminated/stalled forks. (B). Schematic of the labeling patterns obtained when a replication 

inhibitor is added after IdU incorporation. Forks that are able to restart following replication 

inhibition are characterized by a contiguous red-green signal, whereas forks that are stall 

upon replication inhibition will display only a red signal. The progression rates after 

replication inhibition can be derived by comparing the length of the CldU (green) tracts in 

the presence and absence of the replication inhibitor. Below, representative image of an 

ongoing replication fork in the presence and absence of a replication inhibitor. (C) 

Schematic of the labeling pattern used to study replication fork degradation following 

replication inhibition. Nucleolytic resection of stalled forks will result in shortening of the 

IdU (red) tract where the thymidine analog was incorporated before replication stress 

induction.
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Figure 3. EM analysis of replication intermediates
(A) Electron micrograph of a replication fork with a ssDNA gap at the junction. P, Parental 

strand; D, Daughter strand (B) Electron micrograph of a reversed replication fork. R, 

Reversed arm. The inset shows a magnified image of the four-way junction with the 

rhomboid structure at the junction itself. (C) Schematic drawing of a reversed fork and a 

Holliday Junction and their expected features in terms of the lengths of the different strands.
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Figure 4. Different structures detected by EM and DNA fibers
Schematic of the different structures detected by EM and DNA fibers under conditions of 

prolonged replication arrest. EM is a “static” method, which enriches for snapshots of the 

“SLOW steps” of a reaction (i.e., partially resected reversed forks). After fork restart, the 

nucleolytic degradation quickly proceeds to degrade nascent strands behind the junction 

under conditions of prolonged replication arrest (FAST step). Reannealing of the parental 

strands leads to “backtracking” of the fork. A new reversal event arises as a consequence of 

asymmetric degradation and thus ssDNA accumulation in proximity to the fork. 

Backtracking is easily detected by DNA fiber, but not by EM because a reversed fork formed 

after degradation and backtracking is indistinguishable from the original reversed fork 

present before initial degradation. (Left) Representative DNA fiber experiment showing 

nascent strand degradation/backtracking. Scale bar 15 μM. (Right) Electron micrograph of a 

partially single stranded reversed replication fork. The white arrow points to ssDNA region 

on the reversed arm. Inset, magnified four-way junction at the reversed replication fork. D = 

Daughter strand, P = Parental strand; R, Reversed arm.
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