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A constellation of chromosome conformation capture methods (С-methods) are an 
important tool for biochemical analysis of the spatial interactions between DNA regions 
that are separated in the primary sequence. All these methods are based on the long 
sequence of basic steps of treating cells, nuclei, chromatin, and finally DNA, thus 
representing a significant technical challenge. Here, we present an in-depth study of the 
basic steps in the chromatin conformation capture procedure (3С), which was performed 
using Drosophila Schneider 2 cells as a model. We investigated the steps of cell lysis, 
nuclei washing, nucleoplasm extraction, chromatin treatment with SDS/Triton X-100, 
restriction enzyme digestion, chromatin ligation, reversion of cross-links, DNA extraction, 
treatment of a 3C library with RNases, and purification of the 3C library. Several options 
were studied, and optimal conditions were found. Our work contributes to the understanding 
of the 3C basic steps and provides a useful guide to the 3C procedure.

Keywords: chromatin conformation capture, chromosome conformation capture, chromatin, distal interaction, 
DNA, Drosophila

INTRODUCTION

A chromatin conformation capture (3C) method is probably one of the most complex protocols 
in molecular biology, mainly due to its multistep nature (Table  1). The steps should be  done 
in proper order and require careful execution. Incorrect implementation of the steps leads to 
poor restriction enzyme digestion, ineffective ligation, degradation, and/or loss of DNA. 
Importantly, a mistake made at any of the stages becomes known only at the very end of 
the procedure. Numerous controls therefore used, which are selected at different time points 
of protocol execution (Dekker, 2006).

The experimental literature on chromosome conformation capture methods (C-methods) is 
quite extensive. However, the literature lacks systematic analysis of how exactly the basic steps 
of the protocol work. At the same time, there are a lot of studies where individual selected 
steps were investigated (Gavrilov and Razin, 2009; Comet et  al., 2011; Gavrilov et  al., 2013b, 
2015; Nagano et  al., 2015b; Oksuz et  al., 2020; Gridina et  al., 2021). In this article, we  try 
to fill this gap and explore in detail all the basic steps of the 3C protocol at once. A methodology 
for determining whether remote DNA regions can interact with each other in nuclei was first 
proposed by Cullen et  al. (1993) and was called the nuclear ligation assay (NLA). In NLA, 
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ligation of restriction endonuclease (RE)-digested chromatin 
was carried out in mammalian isolated intact nuclei using T4 
DNA ligase and the frequency of ligation between regulatory 
elements was estimated by PCR (Cullen et  al., 1993). In 2002, 
the methodology was finalized by Dekker et al. who supplemented 
the structure of the method with a fundamental step of cell 
fixation with formaldehyde (FA) and its subsequent quenching 
with glycine before chromatin digestion and ligation. The cross-
linking of chromatin preserved the nuclear structure intact 
throughout the procedure without affecting its flexibility (Dekker 
et  al., 2002). Data processing into genome-wide chromatin 
interaction maps was also proposed, suggesting that the 3C 
approach implemented on a yeast model can be  applied to 
determine the spatial organization of whole genomes from 
bacteria to humans (Dekker et  al., 2002). In 2009, a genome-
wide 3C method was proposed and termed Hi-C. The method 
allows measuring the contact frequencies of all chromatin 
interactions that occur in the nucleus in a single experiment 
(Lieberman-Aiden et  al., 2009). This area of research, called 
3D genomics (Razin et  al., 2019; Zhang and Li, 2020), is 
currently developing rapidly.

More recently, the basic principles of the method have been 
reassessed and an alternative strategy has been proposed, wherein 
a combination of two fixing agent (formaldehyde (FA) and 
disuccinimidyl glutarate (DSG)) and of two frequently cutting 
REs is used. This strategy, entitled Hi-C 3.0, should, in future, 
complement or even substitute the standard approach that is 
based on fixation with FA only and utilizes one frequently 
cutting RE (Oksuz et  al., 2020).

At the same time, there remained a considerable lack of 
clarity regarding the steps of the classical version of the 
procedure. Since 2002, several add-ons and variations have 
been introduced into the basic 3С protocol by different working 
groups. Adding extra steps yielded a whole panel of the so-called 
C-methods, i.e., 4C, 5C, Hi-C, and so on, all making it possible 
to determine different aspects of the 3D genome organization 
in the cell nucleus (Zhang and Li, 2020). Various C-techniques 
have been standardized in the framework of the international 
4D nucleome program (Dekker et  al., 2017). Despite the 
phenomenal variety of existing C-methods, they all utilize the 
same basic steps, including fixation of cells with FA, cell lysis, 
nucleoplasm extraction, chromatin endonuclease digestion, 
ligation of the resulting DNA fragments, reversion of DNA-DNA 

and DNA-protein links by heating, and subsequent isolation 
and analysis of contact frequencies between all or specific 
fragments. Initial stages of the development of the method 
since 2002 have employed an in-solution (dilution) ligation 
protocol; i.e., solubilized chromatin fragments were ligated in 
a highly diluted solution (Dekker et  al., 2002; Tolhuis et  al., 
2002; Figure  1A). In 2012, a tethered Hi-C protocol was 
proposed (Figure 1C). The protocol also involved solubilization 
of chromatin fragments, like the dilution protocol. The difference 
was that cross-linked DNA fragments were ligated not in a 
large volume of solution, but on the surface of the solid phase 
of streptavidin-coated beads. Bound chromatin fragments were 
spatially separated from each other on the solid phase, which 
enhanced the signal-to-noise ratio as needed for detecting 
chromatin loops, and helped to avoid trans-ligation events, 
ensuring that ligations in these libraries are between DNA 
fragments that are cross-linked to each other (Kalhor et  al., 
2012; Gabdank et  al., 2016). A Dounce homogenizer was used 
to isolate nuclei in this protocol even with cultured cells, and 
the library was processed with bovine RNase A (Kalhor et  al., 
2012; Gabdank et  al., 2016).

In 2011, a key work in terms of the development of the 
C-methodology was carried out with a Drosophila model. Comet 
et  al. (2011) showed for the first time that the same 3C profile 
was obtained with a complete non-fractionated sample and an 
insoluble chromatin fraction, while a 3C signal of a sufficient 
intensity was not detected with the supernatant fraction (Comet 
et  al., 2011). The same result was demonstrated a couple of 
years later with mammalian cells, confirming the universality 
of this observation (Gavrilov et  al., 2013b). The focus has 
changed since that time, and an in situ protocol came into use 
in 2014, involving cross-ligation of fragments within the nucleus 
(Rao et  al., 2014; Figure  1B). This approach prevents random 
ligation between chromatin fragments released in solution by 
utilizing ligation in situ, i.e., in intact nuclei. The in situ protocol 
made it possible to obtain maps of very high quality and 
resolution under a sub-kilobase scale due to several distinctive 
features: a Dounce homogenizer was not used to obtain cell 
nuclei from cultured cells; a four-base pair RE was used instead 
of a six-base pair cutter; RE was inactivated by heating at 65°C 
for 20 min without adding 1.6% SDS, unlike in the dilution 
protocol; and ligation was performed with the nuclear fraction 
without large sample dilution (in ~1 ml). These circumstances 
reduced the frequency of non-specific contacts due to random 
ligation in dilute solution,  – as was evidenced by a lower 
frequency of junctions between mitochondrial and nuclear DNAs 
and a higher frequency of random ligations observed when 
the supernatant fraction was sequenced (Rao et  al., 2014). In 
addition, Rao’s protocol did not include a processing of the 
library with RNase A.

In fact, proposals to avoid SDS treatment by inactivating 
the RE by heating at 65°C for 20 min and to use SDS only 
to inactivate heat insensitive enzymes have been expressed 
earlier (Splinter et  al., 2012). However, the idea that ligation 
occurs mainly in the nuclear fraction and the structure  
of the nucleus should therefore be  kept as intact as possible 
came only after the works of (Comet et  al. (2011) and  

TABLE 1 | Basic steps of the 3C procedure.

Step Characteristic of the step

1 Cell fixation, formaldehyde (FA) inactivation, and storage of nuclei
2 Cell lysis
3 Nucleoplasm release and chromatin treatment with heat (nuclei heating 

in the presence of SDS and Triton X-100/SDS sequestration with Triton 
X-100)

4 Digestion of DNA in nuclei
5 Ligation of DNA in nuclei
6 Reversion of cross-links and isolation of a 3C library
7 Treatment of the 3C library with RNases
8 Purification of the 3C library on magnetic beads
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Gavrilov et  al. (2013b) and crystallized in Rao et  al. (2014) 
as an in  situ protocol.

In 2013, single-cell Hi-C was done for the first time 
(Nagano et al., 2013). In 2015, an in-nucleus ligation protocol 
was proposed in the development of this approach (Figure 1B). 
The in-nucleus ligation protocol is similar to the in situ 
protocol but utilizes even milder chromatin processing 
procedures. The step of RE inactivation by heating at 65°C 

in the presence of SDS was completely eliminated from the 
protocol and ligation was thus performed in nuclei preserved 
to a maximal possible extent. It was found that the in-nucleus 
ligation protocol results in consistently lower levels of spurious 
ligation events manifested in trans-chromosomal contacts, 
reduces the experimental noise, and eliminates restriction 
fragment length bias found with the in-solution ligation 
protocol (Nagano et  al., 2015a,b, 2017). Also, this protocol 

A

B

C

FIGURE 1 | The principles of current protocols of C-methods (A) in solution (dilution) ligation protocol (B) in situ/in-nucleus ligation protocol (C) tethered ligation 
protocol.
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does not employ a Dounce homogenizer to prepare a 
suspension of isolated nuclei.

In 2012, the Hi-C method was first applied to Drosophila cell 
culture (Hou et  al., 2012), a model that we  used in this study, 
and late embryos (Sexton et  al., 2012). The two studies showed 
the principles of Drosophila genome organization into well-
demarcated physical domains. In 2015, a work was published to 
demonstrate for the first time that a reconfiguration of topologically 
associated domains (TADs) occurs in response to cell stress was 
observed (Li et  al., 2015). These early works all used the dilution 
protocol. The in situ protocol was employed in later works, which 
investigated the role of architectural proteins in enhancer-promoter 
interactions and TADs structure (Cubeñas-Potts et al., 2017; Rowley 
et  al., 2017; Chathoth and Zabet, 2019). The in situ protocol was 
also used in single-nucleus Hi-C with cultured Drosophila cells 
(Ulianov et al., 2021). In 2017, a variant of the in-nucleus ligation 
protocol was applied to study the long-range interactions in 
Drosophila embryos (Stadler et al., 2017). During the experimental 
procedure, the RE was inactivated without using SDS or higher 
temperature by washing out from the nuclei, but embryos were 
homogenized using a Dounce homogenizer to prepare the nuclei 
(Stadler et  al., 2017). Despite the general shift to the in situ/
in-nucleus ligation protocol, the dilution protocol is still used in 
studies of the Drosophila genome organization (Ulianov et  al., 
2016, 2019; El-Sharnouby et al., 2017; Lo Sardo, 2021). The tethered 
ligation protocol was also successfully applied in two works with 
Drosophila (Eagen et  al., 2015, 2017).

Thus, several protocols based on different principles of 
ligation are used in parallel today. The protocols differ in the 
conditions of basic steps: FA fixation and FA inactivation, cell 
lysis, the buffers used, the procedure of isolation and washing 
of nuclei, the severity of chromatin treatment, the conditions 
of chromatin restriction, RE inactivation, DNA ligation, and 
isolation and processing of the library with RNases.

Here we describe our study of the basic steps of the 3C 
procedure; offer our own options, which were found to be 
optimal in our hands; and provide the protocol suitable for 
S2 cells. We  validate our results by showing with a model 
locus that efficient chromatin digestion and ligation occurs at 
an acceptable level, making it possible to distinguish the products 
of target ligation from the background of uncleaved DNA. 
Our procedure demonstrated its efficiency not only with cultured 
cells, but also with living objects, namely, − Drosophila larvae 
(Shidlovskii et  al., 2021). Our work contributes to the 
understanding of the basic steps of the 3C procedure.

CELLS FIXATION, FA INACTIVATION, 
AND STORAGE OF NUCLEI

Several modes of cells fixation with FA and FA inactivation 
with glycine have been proposed in the literature for the 3C 
procedure. The amount of FA used for fixation varies from 1 
to 3%, while the amount of glycine used for inactivation of 
FA can be  classically 0.125 M (Dekker et  al., 2002; Tolhuis 
et  al., 2002), equimolar or in excess to FA (Comet et  al., 
2011; Sexton et  al., 2012). In turn, the FA concentration is 

influenced by the composition of the buffer in which fixation 
takes place. For example, the buffer used to isolate and fix 
the nuclei should not include Tris because Tris contains reactive 
amines, which cross-link FA to Tris, leaving less FA to fix 
DNA and proteins (Louwers et  al., 2009), although original 
Dekker’s protocol for yeast cells utilizes Tris. In the case of 
mammalian cells, it was originally proposed to add FA directly 
into DMEM supplemented with 10% FCS (Tolhuis et al., 2002), 
and DMEM contains many amino acids with reactive amines 
that bind FA, as Tris does. Therefore, cells were fixed in 1X 
PBS at room temperature (RT) in our experiments. For fixation, 
a 2X formulation of PBS was mixed in equal proportions with 
an aqueous solution of FA of a necessary concentration. 
Alternative fixation buffers (15 mM HEPES-KOH pH 7.6, 60 mM 
KCl, 15 mM NaCl, 4 mM MgCl2, 0.1% Triton X-100, 0.5 mM 
DTT, and protease inhibitor cocktail) can be  used as well 
(Comet et  al., 2011; Sexton et  al., 2012).

The first thing we observed was that DNA from cells fixed with 
2% FA for 10 min was poorly isolated by phenol/chloroform (Ph/
Chl) extraction immediately after fixation (FA was inactivated with 
equimolar glycine concentration; e.g., Supplementary Figure S4D, lane 
16). Attempts at cross-links reversion of such DNA (overnight incubation 
at 50°C; Supplementary Figure S4B, lane 8) or at keeping such cells 
after fixation at −20°C overnight (Supplementary Figure S4H) 
unexpectedly aggravated the situation: DNA was not isolated by Ph/
Chl extraction at all. Moreover, after keeping such cells at −20°C for 
2 weeks, the DNA seemed to be fixed very firmly and was not isolated, 
even in much more severe isolation conditions using a protocol for 
FA fixed tissues (Supplementary Figure S4I; Campos and Gilbert, 
2012). It was concluded that cells treated for 10 min with 2% FA were 
almost over-fixed and their DNA could not be  isolated after further 
incubation or storage at −20°C. After fixation at other concentrations 
of FA (0.5–1.5% FA) for 10 min, DNA could be  successfully isolated 
(FA was inactivated with equimolar glycine concentration; 
Supplementary Figure S4B, lanes 5–7; Supplementary Figure S4F, 
lanes 5, 6). Thus, we  have established 1.5% as an upper limit for the 
concentration of FA at which DNA is not fixed too firmly in 10 min.

These results suggest that the storage of cells fixed with 
FA may be detrimental. We assume that cell fixation continues 
until the cells are completely frozen at −20°C, especially when 
glycine is used in a strong molar deficiency (0.125 M). We 
recommend to avoid storing the fixed material (or flash freezing 
using liquid nitrogen) and to immediately proceed to cell lysis 
after washing fixed cells.

The 0.125 M glycine concentration was taken for 3C protocols 
from ChIP protocols (Orlando et  al., 1997) in which this 
concentration is the standard (Kim and Dekker, 2018a,b). As 
it was previously pointed out, quenching is not likely to 
be complete in the presence of 0.125 M glycine because glycine 
is not in excess over FA (Splinter et  al., 2012). Over-fixation 
of the material, in this case, may therefore occur during freezing 
at −20°C or even thawing of cells. If inactivation was done 
with 0.125 M glycine to favor reproducibility between 
experiments, it was recommend immediately to proceed to 
the next step after quenching (Splinter et  al., 2012).

Thus, we  also do not recommend inactivating FA with 
glycine in a strong molar deficiency (0.125 M) and storing 
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nuclei inactivated in this way at −20°C. Instead, we recommend 
using glycine in an equimolar amount or in slight excess to 
FA (Comet et  al., 2011; Sexton et  al., 2012), keeping in mind 
two reactive groups of FA vs. one group of glycine. Thus, 
we  used glycine at 666 (equimolar) and 800 (slight excess) 
mm for 1% of FA (Supplementary Table S1).

Empirically, we  chose 10 min to fix cells properly. Shorter 
incubation times will result in lower detection signals of 
chromatin interactions, whereas longer incubation times will 
cause too many DNA-protein cross-links, resulting in a reduced 
digestion efficiency (van Berkum and Dekker, 2009). We observed 
that 25-min fixation leads to cell over-fixation. Over-fixed cells 
withstand digestion with Proteinase K (PrK) in the presence 
of 1% SDS, and DNA from such cells is not extracted with Ph/Chl.

We found that glycine used in a slight (about 20%) excess 
to FA does not change the PCR signal. A larger excess of 
glycine (for example, 800 mM glycine vs. 333 mM FA) leads 
to the formation of a sticky pellet that does not go down 
along the wall of the tube. The signal intensity of such samples 
in PCR is usually 3–4 times lower than in the case of equimolar 
inactivation of FA with glycine.

It was proposed to incubate cells on ice for 15 min after 
5-min quenching with glycine at RT in order to stop the 
cross-linking completely (van Berkum and Dekker, 2009). The 
same processing step was included in the in situ protocol (Rao 
et  al., 2014). We  combined the stage of complete cessation of 
cross-links on ice with the stage of cell lysis in our procedure 
(see “Cell Lysis”).

CELL LYSIS

The composition of the cell lysis buffer was the next important 
issue that we  investigated. The 3С literature describes several 
fundamentally different compositions of lysis buffers. The two 
main buffers that are currently in use are a hypotonic buffer 
with a low concentration of a non-ionic detergent (10 mM 
Tris-HCl pH 8.0, 10 mM NaCl, and 0.2% NP-40), which is a 
classical buffer and was first introduced in the work (Tolhuis 
et al., 2002), and an isotonic buffer with a higher concentration 
of non-ionic detergents (50 mM Tris-HCl, pH 7.5, 150 mM 
NaCl, 0.5% NP-40, 1% Triton X-100, and 5 mM EDTA), which 
was first introduced in the works (Splinter et  al., 2012; van 
de Werken et al., 2012). The first buffer inherited the detergent 
content from the pioneering work by Cullen et  al. (1993). The 
second buffer was proposed as an alternative to the first one, 
contains an increased amount of non-ionic detergents, and is 
designed to ensure effective cell lysis and easy release of nuclei 
without the use of a Dounce homogenizer (Splinter et  al., 
2012). Several alternative lysis buffers have also been proposed 
in the literature. Examples include a hypotonic buffer that 
contains Mg2+, is completely devoid of detergents (10 mM Tris-
HCl, pH 7.5, 10 mM NaCl, 5 mM MgCl2, and 0.1 mM EGTA), 
and requires the use of a Dounce homogenizer (Hagège et  al., 
2007), and a medium salt buffer that contains Mg2+ and has 
a low content of non-ionic detergent (15 mM HEPES-KOH 
pH 7.6, 60 mM KCl, 15 mM NaCl, 4 mM MgCl2, 0.1% Triton 

X-100, and 0.5 mM DTT; Comet et  al., 2011), in which the 
Na+ and K+ concentrations were taken from the work 
(Cullen  et  al., 1993).

After reviewing the variety of existing lysis buffers, we decided 
to test the contributions of individual components of the lysis 
buffer and composed 11 buffers, which differed in major 
component composition (Table  2).

Of these, buffers 1, 2, 3, 9, 10, and 11 appeared to provide 
the best results in terms of maintaining DNA integrity and 
were further tested under more variable chromatin treatment 
conditions. The results of a representative experiment are shown 
in Figure  2. The composition of the lysis buffer affects the 
integrity of the resulting DNA under different regimens of 
chromatin treatment (Figures  2A–C). When nuclei were 
subsequently treated with SDS at 65°C, lysis buffers with NP-40 
were more preferable. DNA obtained after lysis in hypo- or 
isotonic conditions without NP-40 was poorer quality than 
after lysis in the same buffers, but with NP-40 (Figure  2A). 
When nuclei were subsequently processed with SDS at 37°C, 
a hypotonic lysis buffer with a maximum content of NP-40 
was the only lysis buffer that stabilized DNA during lysis and 
ensured the absence of its degradation (Figure  2B).

Thus, a combination of hypotonic conditions of the classical 
buffer of Tolhuis et al. (2002) (10 mM Tris-HCl pH 8.0, 10 mM 
NaCl, and 0.2% NP-40) and the amount of detergents proposed 
by Splinter et  al. (2012), van de Werken et  al. (2012) (50 mM 
Tris-HCl pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, 
and 1% Triton X-100) makes it possible to preserve DNA 
integrity under different regimens of chromatin treatment. 
We  additionally removed EDTA from the buffer since the 
presence of EDTA in the lysis buffer is incompatible with the 
presence of Mg2+ ions, while Mg2+ is required for maintaining 
the RNA structure and stabilizing chromatin (Louwers et  al., 
2009) and RNA is an integral architectural component of the 
nucleus, nuclear organelles, and heterochromatin (Caudron-
Herger and Rippe, 2012; Hall and Lawrence, 2016; Ding et  al., 
2019; Michieletto and Gilbert, 2019; Thakur and Henikoff, 
2020). The pH of the buffer was slightly shifted from 7.5 to 
8.0 because pH 8.0 is most often used for DNA buffers. Thus, 
our lysis buffer has the following composition: 50 mM Tris-
HCl, pH 8.0, 10 mM NaCl, 0.5% NP-40, and 1% Triton X-100. 
A similar buffer was used in a very delicate procedure to 
process mouse oocytes and zygotes in single-nucleus Hi-C 
(Flyamer et al., 2017). We believe that nuclei are more complete 
released from the cytoplasm remnants in the presence of a 
higher content of non-ionic detergents in the buffer. Also the 
buffer makes it possible to avoid the harsh impact of a Dounce 
homogenizer, ensuring the intactness of nuclei, while a low 
ionic strength creates hypotonic conditions in which extraction 
of the nucleoplasm is most efficient (Méndez and Stillman, 
2000; Golov et  al., 2015).

It has been reported that a cell lysate should not be  viscous 
since its higher viscosity indicates insufficient cross-linking due 
to use of FA that is too old (van Berkum and Dekker, 2009). 
However, we  never observed viscous lysates, even when cells 
were fixed with 1% FA that was stored at +4°C for several 
months before fixation. According to our observations, viscous 
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lysates rather indicate destruction of nuclei and a release of 
DNA from them, and DNA always appeared to be  degraded 
in such samples (not shown).

NUCLEOPLASM RELEASE AND 
CHROMATIN TREATMENT WITH HEAT

SDS and Triton X-100 treatment of nuclei fixed with FA were 
found to be  necessary for any digestion of chromatin to occur 
(Splinter et  al., 2004). The treatment removes the proteins that 
have not been cross-linked from DNA after fixation and partly 
denatures cross-linked proteins (Naumova et al., 2012). Accordingly, 
two fundamentally different regimens of chromatin processing 
have been proposed for the 3C procedure in the literature. The 
first regimen, at 37°C, was proposed in the original protocol by 
Dekker et  al. (2002) and was developed in the work by Tolhuis 
et al. (2002), who increased the durations of consecutive chromatin 
treatments with SDS and then with Triton X-100 from 10 min 
up to 1 h each. Subsequently, as the dilution protocol in the work 
by Miele et  al. (2006), the step of prolonged incubation of nuclei 
with SDS at 37°C was replaced with a step of short incubation 
with SDS at 65°C. This step was found to be essential for template 
generation (Miele et  al., 2006) and dramatically increased DNA 
accessibility, by opening chromatin (Naumova et  al., 2012), but, 
in fact, exactly how the effect of the step is achieved was not 
demonstrated in either of these two works. Actually, the step 
was properly studied in a field of plant biology and incubation 
at 65°C in the presence of SDS was shown to be  necessary for 
inactivating endogenous nucleases (Louwers et  al., 2009). The 
authors found that a nucleosome pattern was obtained when 
maize nuclei were permeabilized at 37°C with SDS regardless 
whether RE was added or not, indicating DNA degradation. 
However, DNA was still intact when isolated from an aliquot 
taken before the SDS incubation. The authors concluded that 
degradation occurred during incubation of nuclei with SDS at 
37°C. Degradation was completely prevented when plant nuclei 
were first incubated at 65°C for 60 min before adding SDS 
(Louwers  et  al., 2009).

We also studied the effect of this step and found that heating 
chromatin at 65°C results in a some extent of DNA preservation 
during subsequent isolation (Figure  2D). This is supported by 

predominant DNA degradation that was observed after processing 
chromatin with SDS at 37°C (Figure  2B)and eradicated by 
chromatin treatment at 65°C (Figure  2A). The results indicate 
that DNA degradation in S2 cells can also be  due to the 
presence of endogenous nucleases, as it was previously described 
for plants (Louwers et  al., 2009), while the enzymes are at 
least partly inactivated at 65°C.

As follows from Figure 2A, lysis under hypotonic conditions 
appears to be  more efficient in terms of maintaining DNA 
integrity since the nucleoplasm, containing different nucleases 
with DNase I  activity (Yang, 2011), is efficiently released 
in these conditions (Méndez and Stillman, 2000; Golov et al., 
2015). We assume that a structural disruption of fixed nuclei 
may precede DNA degradation and is due to long-term 
treatment at 65°C in the presence of SDS. Therefore, after 
performing lysis in isotonic conditions, we  titrated the 
duration of exposing nuclei to heat at 65°C and found that 
incubation of fixed nuclei for more than 40 min results in 
DNA degradation, presumably indicating disintegration of 
the nuclei and a release of nucleases (Figure  2E). 
We concluded that heating nuclei at 65°C should not exceed 
40 min in case of S2 cells.

Thus, these data suggest that, on the one hand, heat treatment 
of fixed nuclei in the presence of SDS at 65°C partly reverses 
the cross-links and inactivates the remaining nucleases of a 
cytoplasmic origin and, in part, nuclear nucleases. On the 
other hand, the treatment leads to disintegration of the fixed 
nuclei and the release of residual nuclear nucleases, causing 
subsequent DNA degradation (see also the section Reversion 
of Cross-links and Isolation of the 3C Library section). From 
this point on, we  used a hypotonic lysis buffer.

The effect of DNA degradation depending on the time of 
incubation at 65°C (Figure  2E) was unexpected but fits into 
the standard 3C protocol schemes. The time of chromatin 
processing at 65°C usually does not exceed 5–10 min in different 
types of 3C protocols (Miele et  al., 2006; Kalhor et  al., 2012; 
Rao et  al., 2014). The results of the experiment (Figure  2E) 
imply that a brief chromatin treatment at 65°C already damage 
nuclei. This damage might partly release genomic DNA into 
solution. To study this issue, we  analyzed 10 independent 
samples wherein chromatin was heated for 10 min at 65°C in 
the presence of 0.3% SDS. After heating, the samples were 

TABLE 2 | The lysis buffers studied.

Buffer
50 mM Tris-
HCl, pH 8.0

10 mM Tris-
HCl, pH 8.0

150 mM NaCl 10 mM NaCl 0.5% NP-40 0.2% NP-40
1% Triton 

X-100
5 mM MgCl2 0.1 mM EGTA

1 + + +
2 + + + +
3 + + + +
4 + + + +
5 + + +
6 + +
7 + + +
8 + + + +
9 + + +
10 + + + +
11 + + + +
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divided into the supernatant and pellet fractions and the 
supernatant fractions were analyzed. Release of the genomic 
DNA from nuclei into the supernatant (as well as a release 
of processed ribosomal RNA) was clearly detectable in 8 out 

of 10 samples after nuclei were heated at 65°C for 10 min, 
apparently indicating damage to the fixed nuclei (Figure  3A).

To exclude that the nuclei were damaged at the previous 
stage of the procedure, we  carried out the same experiment 

A B

D E

C

FIGURE 2 | Cell lysis buffer composition and temperature regimens of chromatin treatment affect DNA integrity. (A-C) Effect of the lysis buffer composition on the 
integrity of the resulting DNA. 10 mg (~12 mln of cells) of S2 cells was fixed with 1% FA in 1X PBS at RT for 10 min, quenched equimolar with glycine for 5 min at RT, 
washed twice with 1X ice-cold PBS, and then resuspended in ice-cold lysis buffers #1, 2, 3, 9, 10, and 11 according to Table 2. Lane 1 – Buffer #1; Lane 2, #2; 
Lane 3, #3; Lane 4, #9; Lane 5, #10; and Lane 6, #11. Cells were incubated in different lysis buffers on ice for 15 min and were then washed once with ice-cold 1X 
PBS and resuspended in 1X RB for DpnII (50 mM Bis-Tris-HCl, 100 mM NaCl, 10 mM MgCl2, 1 mM DTT, and pH 6.0 at 25°C). Then, SDS was added up to 0.1% 
 (A,B) and the nuclei were treated with heat at 65°C for 10 min + 37°C for 50 min (A) or at 37°C for 1 h (B) and then Triton X-100 was added up to 1.8% (A,B) and 
the nuclei were incubated at 37°C for 1 h (A,B). Thereafter, 500 μl of EB (50 mM Tris-HCl pH 8.0, 50 mM NaCl, and 1% SDS; Hug et al., 2017) containing 30 mM 
EDTA and 0.2 mg/ml PrK was added. The cross-links were reversed in EB at 65°C overnight (O/N) and the DNA was extracted with Ph/Chl and subsequently with 
Chl only, precipitated with 3 V of 96% ethanol, 0.3 M NaOAc pH 5.2, and 100 μg of glycogen, washed with 70% ethanol three times, dissolved in 25 μl of 10 mM 
Tris-HCl pH 8.0, and treated with 0.2–0.4 mg/ml of bovine RNase A for 30 min at RT. The amount of DNA subjected to electrophoresis was 1 μl. For (C), the cells 
were treated in the same way as for A and B, but the step of chromatin heat treatment in the presence of SDS and Triton X-100 was omitted and instead, 
immediately after resuspension of nuclei in 1X RB, 500 μl of EB was added, supplemented with the same amount of SDS and Triton X-100 as for A and B. The 
reversion of cross-links and DNA extraction was performed in the same way. One of the three replicate experiments is shown. (D) Chromatin heat treatment at 65°C 
results in some DNA preservation during subsequent isolation. Сells were fixed, quenched, washed after quenching with 1X PBS as in A-C, and lysed in isotonic 
lysis buffer #3 (see Table 2; Tolhuis et al., 2002; lanes 1, 2) or in hypotonic lysis buffer #10 (Splinter et al., 2012; van de Werken et al., 2012; lanes 3, 4). Cells were 
incubated in lysis buffers on ice for 15 min and then nuclei were centrifuged, supernatant was discarded, nuclei were resuspended in 1X RB, SDS was added up to 
0.3%, and nuclei were incubated at 65°C for 10 min (lanes 2, 4) or left untreated (lanes 1, 3). Thereafter, 500 μl of EB was added, the cross-links were reversed as in 
A-C, and the DNA was extracted using the GeneJET Genomic DNA purification kit (Thermo), according to the manufacturer’s instructions. (E) DNA degradation 
upon chromatin treatment at 65°C. Сells were fixed, quenched, washed after quenching with 1X PBS as in A-C, and then lysed in isotonic lysis buffer #3 (see 
Table 2). Cells were incubated in lysis buffer on ice for 15 min and then nuclei were washed once with 1X ice-cold PBS, resuspended in 1X RB for DpnII, and then 
SDS was added up to 0.1%. Then, nuclei were treated with heat at 65°C for 10, 20, 30, 40, 50, 60, and 90 min in the presence of 0.1% SDS. After that, the nuclei 
were incubated for up to 1 h at 37°C for 50, 40, 30, 20, and 10 min (lanes 1–6, respectively). Then, Triton X-100 was added up to 1.8% and the nuclei were 
incubated at 37°C for 1 h. In the case of lane 7, after incubation in 0.1% SDS at 65°C for 90 min, Triton X-100 was added immediately up to 1.8% and nuclei were 
incubated at 37°C for 1 h. After incubation with SDS/Triton X-100500 μl of EB was added to all samples, the cross-links were reversed and the DNA was extracted, 
precipitated, dissolved, and treated with bovine RNase A and subjected to electrophoresis as in A-C. One of the three replicate experiments is shown.
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at the cell lysis stage. Analysis of the supernatant after cell 
lysis showed that only rRNA and low-molecular-weight RNA 
came out into solution during cell lysis and that there was 
no release of genomic DNA into solution (Figure  3B).

Thus, even a short incubation at 65°C apparently leads to 
damage to nuclear structures and a partial release of genomic 
DNA from nuclei into solution.

In order to understand which particular processing regimens 
of nuclei are the most harmful for nuclear integrity, we studied 
the release of DNA and rRNA into solution at different 
concentrations of SDS upon treatment of nuclei at 65°C for 
10 and 5 min, as well as at 37°C for 10 min and 1 h. We  found 
that, at 0.1% SDS, all processing regimens were apparently 
benign for nuclei and the release of DNA and RNA into 
solution was minimal (Figure  4, upper row of panels, from 
left to right). At 0.3% SDS, regimens with 65°C for 5 min, 
37°C for 10 min, and 37°C for 1 h appeared to be  equivalent 
in terms of maintaining nuclear integrity and provided minimal 
DNA release, but treatment at 65°C for 10 min provoked a 
noticeable DNA release in one replicate (Figure  4, middle row 
of panels, from left to right). Besides, a more pronounced 
release of low-molecular-weight RNA from nuclei was observed 
at 0.3% SDS compared with 0.1% SDS. At 0.5% SDS, treatment 
at 65°C for 10 min provoked a noticeable DNA release in both 
replicates and a more pronounced DNA release was observed 

with all other regimens (Figure  4, bottom row of panels, from 
left to right). Besides, a huge amount of low-molecular-weight 
RNA and an appreciable amount high-molecular-weight RNA 
were released from nuclei into solution in the presence of 
0.5% SDS.

We concluded that 0.3% is the maximum possible SDS 
concentration that does not cause nuclear damage. At this 
SDS concentration, it is possible to process nuclei at 65°C for 
5 min to inactivate the residual nuclease activity without 
significantly compromising their integrity. Pronounced 
solubilization of histones from the nuclear fraction into the 
solution was also observed at this concentration (Gavrilov, 
2016). However, the 0.1% SDS concentration appears to be  the 
most sparing and makes it possible to preserve the maximum 
amount of nuclear RNA.

A scenario is also likely that the treatment of nuclei with 
heat and SDS does not cause partial damage to all nuclei, but 
rather a complete disintegration of some of the nuclei occurs. 
However, our observations testify against this scenario; i.e., 
we  did not observe any decrease in the mass of the nuclear 
pellet even when nuclei were treated at 65°C for 10 min in 
the presence of 0.5% SDS. We  noticed that the higher SDS 
concentration, the more transparent was the pellet of nuclear. 
When nuclei were treated with 0.1% SDS, the pellet of S2 
nuclei was light gray. When nuclei were treated with 0.5% 

A B

FIGURE 3 | DNA and RNA release from nuclei upon their treatment with heat in the presence of SDS. (A) Chromatin treatment at 65°C causes DNA release from 
nuclei. Сells were fixed, quenched, and washed after quenching with 1X PBS as in Figures 2A–C and then lysed in hypotonic lysis buffer #11 (see Table 1), 
incubated on ice for 15 min, washed once with ice-cold 1X PBS, and resuspended in 1X RB for DpnII. Then, SDS was added up to 0.3% and the nuclei were 
treated with heat at 65°C for 10 min + 37°C for 50 min. After that, Triton X-100 was added up to 1.8% and the nuclei were incubated at 37°C for 1 h. Thereafter, the 
samples were separated into the supernatant (100 μl) and the pellet and 500 μl of EB was added to the supernatant fractions (lanes 1–10, 10 replicates of the 
experiment). Then, the cross-links were reversed and the DNA was extracted, precipitated, dissolved, and treated with bovine RNase A (lower panel) as in 
Figures 2A–C or left untreated (upper panel). The amount of the DNA subjected to electrophoresis was 2 μl. gDNA – genomic DNA, rRNA – processed high-
molecular-weight RNA, and RNA – low-molecular-weight RNA (tRNA + degraded mRNA). (B) The content of nucleic acids in the supernatant after the stage of cell 
lysis. Сells were lysed on ice as in A and the samples were separated into the supernatant containing cytoplasm (100 μl) and the pellet fractions. EB was added to 
the supernatant fractions as in A. Then, the cross-links were reversed and the DNA was extracted, precipitated, dissolved, and treated with bovine RNase A (lower 
panel) or left untreated (upper panel) and subjected to electrophoresis as in Figures 2A–C. All other designations are as in A.
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SDS, the pellet became “glassy” and difficult to work with at 
subsequent stages. A nuclear pellet obtained after treatment 
with 0.3% SDS had an intermediate transparency. We  also 
noticed that cell nuclei acquire the same “glassy” appearance 
when the RE is inactivated after the restriction reaction in 
the presence of 1.3–1.6% SDS in the dilution protocol.

In addition, we  found that not only high-molecular-weight 
DNA was detectable in solution after RNase treatment of the 
supernatant fractions, but also a significant amount of DNA 
molecules of different lengths (a DNA smear from more than 
10,000 to 100 bp; Figure  4, middle row of panels, from top 
to bottom). The severity of chromatin treatment correlated 
with the intensity of the smear, which was minimal in the 
case of the regimen of 37°C for 10 min. The finding, together 
with the intactness of the high-molecular-weight DNA band, 
indicates that this fraction is a result of the processing of 
nuclei with SDS, rather than DNA degradation in the process 
of DNA isolation/cross-links reversion. We do not know about 
the nature of this DNA fraction, but it is possible that this 

DNA may contribute to the elevated frequency of spurious 
contacts due to random ligation in dilute solution and might 
represent a source of experimental noise as described in Rao 
et  al. (2014), Nagano et  al. (2015b), Downes et  al. (2021). 
Our data agree with the observations by Downes et  al. (2021), 
who showed by separating the in situ 3C sample into intact 
nuclei and soluble DNA that ~25% of in situ 3C libraries 
come from disrupted nuclei.

Thus, taken together, the results suggest that the longer the 
incubation of nuclei at a higher temperature and the greater 
the SDS concentration used to extract nuclear proteins, the 
more genomic DNA and RNA passed into the supernatant 
fraction, indicating progressive damage to the nuclear structure 
with the increase in temperature and SDS concentration. 
Incubation at 37°C provides milder conditions of chromatin 
treatment. On the other hand, heat treatment of nuclei at 
65°C is necessary to inactivate nucleases and may be  useful 
for better DNA preservation at subsequent stages. However, 
the duration of chromatin treatment with heat, as well as the 

FIGURE 4 | DNA and RNA release from nuclei at different SDS concentrations and under different nuclei treatment regimens. Сells were fixed, quenched, washed 
after quenching with 1X PBS as in Figures 2A–C, and then lysed in hypotonic lysis buffer #11 (see Table 2). Cells were incubated on ice for 15 min and nuclei were 
washed once with the lysis buffer and then resuspended in water supplemented with the appropriate amount of SDS (0.1, 0.3, or 0.5%). Then, the nuclei were 
treated with heat in the following conditions: 65°C for 10 min (lanes 1, 2), 65°C for 5 min (lanes 3, 4), 37°C for 10 min (lanes 5, 6), and 37°C for 1 h (lanes 7, 8). Triton 
X-100 was added up to 1.8% and nuclei were incubated at 37°C for 15 min. Thereafter, the samples were separated into the supernatant (250 μl) and the pellet and 
500 μl of EB was added to the supernatant fractions. Then, the cross-links were reversed at 56°C O/N and DNA was extracted, precipitated, dissolved, and treated 
with bovine RNase A (middle row of panels from top to bottom) as in Figures 2A–C or left untreated (left row of panels from top to bottom). The pellet fractions 
(right row of panels from top to bottom) were processed further as follows: Nuclei were washed with 1X RB for DpnII buffer and incubated in 1X RB at 37°C for 1 h 
with agitation (restriction reaction imitation). After that, nuclei were washed with 1X T4 DNA ligase buffer (50 mM Tris-HCl pH рН7.5, 10 mM MgCl2, 1 mM ATP, and 
10 mM DTT) three times and incubated at 16°C for 30 min and at 22°C for 30 min in 1X T4 DNA ligase buffer (ligation reaction imitation). Then, 500 μl of EB was 
added and the pellet fractions were processed as for the supernatant fractions. The amount of the DNA subjected to electrophoresis was 2 μl for supernatant 
fractions and 1 μl for pellet fractions. Upper row of pictures from left to right – treatment with 0.1% SDS; middle row of pictures – 0.3% SDS; and the bottom row of 
pictures – 0.5% SDS. All other designations were as in Figure 3A. Two replicates of each experimental condition were carried out. The exposure time for all gels is 
the same.
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SDS concentration, must be kept as low as possible to preserve 
the integrity of nuclei.

RESTRICTION OF DNA IN NUCLEI

In this part, we  studied RE digestion of chromatin in nuclei. 
Protein complexes cross-linked to DNA may block restriction 
sites and reduce the efficiency of restriction digestion (Naumova 
et  al., 2012). In turn, the efficiency of protein complex cross-
linking can be influenced by the amount of FA used for fixation. 
Besides, the SDS/Triton X-100 ratio in the restriction reaction 
mixture, the duration of digestion and concentration of RE, 
and the conditions of chromatin treatment before chromatin 
digestion may exert an effect on the digestion efficiency. It 
was proposed to optimize the digestion efficiency by varying 
the SDS/Triton X-100 amounts before digestion, increasing 
Triton X-100 upon restriction digestion, and lowering the FA 
concentration (Hagège et  al., 2007; Stadhouders et  al., 2013). 
Since we  selected the conditions for washing of nuclei from 
SDS/Triton X-100 (Supplementary Figure S1C), we  therefore 
focused on the influence of chromatin treatment conditions 
and FA concentration on the restriction digestion efficiency.

First, to understand how the chromatin processing conditions 
affect the efficiency of DNA digestion in nuclei, we  processed 
nuclei with SDS in two regimens, at 65 and 37°C, and then 
sequestrated SDS with Triton X-100. The DNA restriction 
pattern was not found to change depending on the temperature 
and duration of chromatin treatment (Figures 5A–D). Instead, 
unexpectedly, we  observed more efficient ligation (denser and 
sharper at the top of the smear after DNA ligation) when 
chromatin was processed with SDS at 37°C (Figure 5, compare 
panels A and B with C and D).

Thus, more stringent conditions of chromatin treatment do 
not result in more efficient digestion of chromatin with RE 
but may instead influence the ligation efficiency.

Next, we  investigated how the FA concentration affects the 
efficiency of chromatin digestion in nuclei. The formation of 
DNA fragments of higher molecular weights (MWs) is indicative 
of incomplete fragmentation of chromatin after its restriction 
digestion with a 4-bp cutter in nuclei (Figures  5A–D). This 
pattern corresponds to the pattern of DNA digested in solution 
with a 6-bp cutter (Figure  5E) rather than of DNA digested 
in solution with a 4-bp cutter (Figure 5E). Hence, we concluded 
that chromatin was not fully digested in nuclei. There are 
indications that the FA concentration may be  directly related 
to the efficiency of chromatin digestion (Splinter et  al., 2004; 
Dekker, 2007; Comet et  al., 2011; van de Werken et  al., 2012). 
The 1% FA concentration, which we  used in experiments 
illustrated in Figures  5A–D, might be  too high for efficient 
digestion. Therefore, we  lowered the FA concentration to 0.5% 
and observed much more efficient digestion of cross-linked 
chromatin with DpnII (Figure  5F). The restriction pattern 
obtained at 0.5% FA was more similar to that observed after 
restriction in solution (Figure  5E) and did not shift down 
with a decrease in the FA concentration to 0.25% or even to 
0.1% (Figure  5F).

Moreover, we noticed that the results related to chromatin 
accessibility to a RE may depend on the FA source. For example, 
a 1% FA solution prepared from PFA powder provides a higher 
fixation strength than a similar solution prepared from a 37% 
ready-to-use commercial solution. We estimate that 0.5% FA 
made from PFA and 1% FA made from a 37% commercial 
solution show comparable fixation efficiencies.

Other important issues are the duration of digestion and 
the RE concentration in the restriction reaction. The most 
common incubation time with a RE is 12–16 h (overnight 
incubation; Louwers et  al., 2009; Nagano et  al., 2013, 2015b, 
2017; Flyamer et  al., 2017). Digestion for 2–4 h was also 
suggested (Rao et  al., 2014; Golov et  al., 2020; Vermeulen 
et  al., 2020; Ulianov et  al., 2021). We  determined that desired 
result is achieved within 3 h, although overnight incubation is 
convenient (Figure  5F). Regarding the RE concentration in 
the restriction reaction, a concentration of 2 U/μl is sufficient 
for efficient digestion of chromatin, in the case of using 10 mg 
of starting material as described in Figures  2A–C. The DpnII 
concentration we used was slightly higher than in recent works 
(0.66–1.66 U/μl; Golov et  al., 2020; Vermeulen et  al., 2020; 
Ulianov et  al., 2021) and more similar to that used to digest 
yeast chromatin (2.07 U/μl; Schalbetter et  al., 2019).

Thus, our data suggest that the efficiency of chromatin digestion 
depends mostly on the cross-linking agent concentration and is 
independent of the conditions of SDS/Triton X-100 chromatin 
treatment before digestion or the digestion time. Cells fixation 
with 0.5% FA for 10 min is sufficient for efficient digestion of 
chromatin with DpnII for 3 h at a concentration of RE of 2 U/μl.

LIGATION OF DNA IN NUCLEI

Before studying the peculiarities of ligation in nuclei, we checked 
how exactly T4 DNA ligase concentration affects the ligation 
efficiency. Activities of T4 DNA ligases were investigated in 
solution using genomic DNA cut with DpnII. The DNA ligation 
pattern in solution was not found to vary when T4 DNA 
ligase was used at 1, 5, or 10 U per reaction (Figure  6A). 
However, highly concentrated T4 DNA ligase (10 U/μl) is 
convenient to use since it prevents large amounts of glycerol 
from entering the reaction.

The pattern obtained after DNA digestion and ligation 
in solution (Figure  5E) differed from ligation patterns 
obtained after chromatin ligation in nuclei (Figures 5A–D,F). 
We assumed that DNA incubation at 16°C for 30 min followed 
by 22°C for 30 min (Figures  5A–D,F) may be  insufficient 
for efficient ligation of cross-linked chromatin in nuclei. 
We  therefore performed the experiments where non-cross-
linked chromatin was ligated using the same incubation 
time (1 h) or cross-linked chromatin was ligated for incubation 
time extended from 1 h to overnight. It was observed that 
uncross-linked chromatin was more readily ligated in nuclei 
than cross-linked chromatin within 1 h (compare lane 3  in 
Figures 5A–D,F and lane 3  in Figure 6B). The prolongation 
of the ligation time for cross-linked chromatin from 1 h to 
overnight had a positive effect on the ligation pattern (made 
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FIGURE 5 | Restriction digestion of DNA in nuclei and in solution. (A–D) Endonuclease digestion of the chromatin in nuclei after different regimens of chromatin 
treatment. Сells were fixed, quenched, washed after quenching with 1X PBS as in Figures 2A–C and then lysed, incubated in lysis buffer, and washed as in 
Supplementary Figure S1A. Then, nuclei were resuspended in autoclaved water supplemented with 0.3% SDS and were treated with the SDS and subsequently 
with Triton X-100 (1.8% final) in the following conditions, as indicated in the figure: (A) 65°C for 10 min with SDS + 37°C for 15 min with SDS/Triton X-100; (B) 65°C 
for 5 min with SDS + 37°C for 15 min with SDS/Triton X-100; (C) 37°C for 10 min with SDS + 37°C for 15 min with SDS/Triton X-100; and (D) 37°C for 1 h with 
SDS + 37°C for 1 h with SDS/Triton X-100. Then, nuclei were centrifuged, supernatant containing SDS/Triton-X100 was removed and nuclei were washed three 
times with 1X RB (DpnII buffer), and then resuspended in 1X RB and incubated with 2 U/μl of DpnII for 3 h at 37°C with agitation. Then, nuclei were washed three 
times with 1X T4 DNA ligase buffer, resuspended in 1X T4 DNA ligase buffer, and incubated with 0.25 U/μl of T4 DNA ligase (Sibenzyme) for 30 min at 16°C and for 
30 min at 22°C with agitation. Aliquots of 1/10 of the sample volume were taken after chromatin treatment with SDS/Triton X-100, followed by washing of the nuclei 
with 1X RB (Lane 1 – undigested chromatin, chromatin integrity control before RE digestion, control #1) and, after restriction reaction, followed by washing with 1X 
T4 DNA ligase buffer (Lane 2 – digested chromatin, chromatin restriction control after RE digestion, control #2). The volume of samples was adjusted, with 1X T4 
DNA ligase buffer, to 250 μl and PrK, SDS and EDTA were added, as in Supplementary Figure S1A, to the control #1, control #2, and ligation (lane 3) and control 
#3 (lane 4 – a control of DNA integrity throughout all stages of the procedure – sample that went through the entire procedure without addition of RE and T4 DNA 
ligase). Cross-links were reversed as in Supplementary Figure S1A and the DNA was extracted, precipitated as in Figures 2A–C, dissolved in 25 μl for control #1  

(continued)
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the shmear to shift up; compare lane 3  in Figures  5A–D,F 
and lane 3  in Figure  6C).

Thus, cross-linking apparently imposes certain spatial 
restrictions on the rate of chromatin ligation in nuclei and 
these can be  overcome by a longer ligation duration.

Since SDS dramatically reduces the ligation efficiency (Louwers 
et  al., 2009), chromatin ligation is usually performed in the 3C 
procedure after strong dilution of the restriction reaction mixture 
containing a high amount of SDS sequestered with Triton X-100. 
In this case, T4 DNA ligase is added to a buffer containing SDS 
diluted to 0.1% and sequestered with 1% of Triton X-100 (Dekker 
et  al., 2002; Tolhuis et  al., 2002; Lieberman-Aiden et  al., 2009; 
Comet et  al., 2011; Stadhouders et  al., 2013; Vermeulen et  al., 
2020). However, as in the case of restriction digestion, the ligation 
reaction in the presence of 0.1% SDS and 1% Triton X-100 may 
be far from optimal. Therefore, we investigated the issue of whether 
the presence of 0.1% SDS and 1% Triton X-100  in the ligation 
reaction affects the efficiency of ligation in nuclei. We  found that 
0.1% SDS present in the reaction mixture alone, or surprisingly, 
in combination with 1% Triton X-100 (fresh stock and fresh 
working solution were prepared) negatively affects the ligation 
efficiency, whereas 1% Triton X-100 alone does not affect the 
ligation pattern (Figure  6D).

Thus, the washing of nuclei with the 1X T4 DNA ligase 
buffer after restriction digestion as proposed by Flyamer et  al. 
(2017), Golov et  al. (2020) helps to ensure efficient ligation 
by washing out SDS.

When the ligation reaction is carried out in the presence 
of 0.1% SDS and 1% Triton X-100, then complete sequestration 
of SDS by Triton X-100 is an important factor, since trace 
amounts of SDS will inhibit T4 DNA ligase. It was proposed 
to prepare a new Triton X-100 working solution every 1–2 months, 
since an old Triton X-100 solution has a notable negative 
effect on the digestion efficiency, probably due to inefficient 
sequestration of SDS with Triton X-100 decayed by light 
(Louwers et  al., 2009). We  did not observe any difference 
between a freshly prepared stock solution (20%) and an old 
one, which was kept protected from light at +4°C for at least 
1 year (not shown). T4 DNA ligase worked inefficiently in 
nuclei in the presence of SDS regardless of whether the new 

(Figure  6D) or old (not shown) Triton X-100 solution was 
used for sequestration.

It was shown that 0.1% SDS in combination with 1% Triton 
X-100 does not reduce the efficiency of DNA ligation in solution 
(plasmid DNA digested with a 6-bp cutter; Gavrilov et al., 2013a). 
However, 0.1% SDS in combination with 1% Triton X-100 does 
affect nuclear ligation (chromatin digested with a 4-bp cutter) 
according to our results. This effect may be  due to the different 
times periods required for completing the reactions. Ligation of 
plasmid DNA fragments in solution takes place within just 10 min 
(Gavrilov et al., 2013a), whereas efficient ligation of fixed chromatin 
in nuclei requires at least several hours of incubation according 
to our results (compare Figure  5F lane 3 and Figure  6C lane 
3). During this long incubation time, T4 DNA ligase is possibly 
inactivated by 0.1% SDS. Besides, 4-bp protruding ends are generally 
less efficiently ligated even in solution as it follows from the 
Figure  6E.

The efficiency of restriction digestion and ligation can 
be determined by performing a PCR spanning a specific genomic 
restriction site (Gavrilov, 2016). In order to quantitatively estimate 
the efficiency of ligation (regeneration of the DpnII site) in our 
conditions, the amount of the intact site (uncut and religated) 
was measured before and after ligation in the RpII locus by 
PCR-stop analysis (Comet et  al., 2011). Loss of the amplicon 
signal after RE treatment is indicative of digestion efficiency (Belton 
et  al., 2012). An increase in amplicon signal after ligation above 
the level of the uncut site indicates a ligation event, suggestion 
regeneration of the intact original restriction site (Gavrilov, 2016).

The experimental design of the system used to estimate the 
digestion and ligation efficiency in the RpII locus is shown in 
Supplementary Figures S2A,B. Before experiments, we  validated 
the presence of a DpnII restriction site at the required position 
of the RpII locus by sequencing (Supplementary Figure S2C) 
and then optimized the Taq-man PCR conditions to achieve 
maximum sensitivity (Supplementary Figure S2D; Supplementary 
Table S2).

To estimate the digestion efficiency, one-third of the sample 
after overnight digestion (10–12 mln of starting nuclei) was 
recommended to take (Louwers et al., 2009), but our experience 
showed that up to half of the digested sample is required to 

FIGURE 5 | and #2, in 20 μl for ligation and in 25 μl for control #3, and then treated with bovine RNase A as in Figures 2A–C. 10 μl of dissolved DNA was 
subjected to electrophoresis for control #1 and #2, as was 1 μl for ligation and control #3. Three replicates of each experimental condition were carried out. 
(E) Patterns of the genomic DNA digestion with 4-bp and 6-bp cutters and ligated in solution. 100 mg of S2 cells was harvested, washed with 1X PBS, and 
resuspended in 1 ml of EB. Cells were incubated at 56°C for 30 min and the DNA was extracted, precipitated (w/o glycogen), washed as in Figures 2A–C, dissolved 
in 150 μl of Tris-HCl pH 7.9, treated with 50 U of RNase I (Thermo) at RT for 30 min, purified using 1.5X AMPure XP beads (see purification of 3C library on magnetic 
beads), and eluted with 150 μl of 10 mM Tris-HCl pH 7.9. 1 μl of the DNA was digested with 10 U of Res, indicated above the picture, in the following buffers: DpnII 
pH 6.0, NEB3 pH 7.9, and BamHI and EcoRI, respectively. After digestion, the REs were heat inactivated and DNA was precipitated, washed with ethanol as in 
Figures 2A–C and subjected to electrophoresis or ligated in solution with 0.05 U/μl of T4 DNA ligase (Sybenzyme) for 30 min at 16°C and 30 min at 22°C with 
agitation, purified using AMPure XP beads (the elution was implemented using 10 mM Tris-HCl pH 7.9 at RT), and then subjected to electrophoresis. Lane 1 – non-
digested DNA; Lane 2 – digested in solution DNA; and Lane 3 – DNA ligated in solution after digestion. One of the three replicated experiments is shown. 
(F) Concentration of the fixing agent below 0.5% improves chromatin digestion. Сells were fixed with different concentrations of FA (indicated above the pictures) in 
1X PBS at RT for 10 min, quenched, washed after quenching with 1X PBS as in Figures 2A–C and then lysed, incubated in lysis buffer, and washed as in 
Supplementary Figure S1A. Then, nuclei were resuspended in autoclaved water supplemented with 0.3% SDS, incubated at 65°C for 5 min and then Triton X-100 
was added up to 1.8% and nuclei were incubated at 37°C for 15 min. Then, nuclei were washed with 1X RB three times and the RE digestion of the chromatin, 
washing of nuclei and DNA ligation in nuclei were carried out as in A–D. Control aliquots were taken as in A–D. The volume of samples was adjusted with 1X T4 
DNA ligase buffer to 250 μl and PrK, SDS, and EDTA were added. The cross-links were reversed as in Supplementary Figure S1A and the DNA was extracted, 
precipitated as in Figures 2A-C, dissolved as in A–D, treated with bovine RNase A as in Figures 2A–C, and subjected to electrophoresis as in A–D. The 
designation of lanes is as in A–D. Two replicates of each experimental condition were carried out.
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use to reliably and conveniently measure the efficiency of 
digestion for 12 mln of starting cells as described in 
Figures  2A–C.

The first thing that we  found was that fixed chromatin 
treated with SDS/Triton X-100 is much more readily digested 
than non-fixed chromatin treated with SDS/Triton X-100  in 
the same way (Figure 7A). We assume that cell fixation preserves 
the nuclear architecture and nuclear pores in particular and 
thereby contributes to a more complete release of histones 
and other nuclear proteins from the nuclei upon their SDS/
Triton X-100 treatment, as it generally anticipated for the 3C 
procedure (Dekker et  al., 2002) and was demonstrated in 

Gavrilov (2016). A possible alternative explanation is that, 
without cross-linking, cells/nuclei are broken during SDS 
treatment (either at 37°C or 65°C),  which leads to aggregation 
of the nuclei (DNA in aggregated nuclei is not digestible by 
REs). Thus, fixed chromatin appears to be  more permissive 
to restriction digestion than non-fixed chromatin.

Second, we  did not find any ligation yield after digestion 
and ligation of non-fixed chromatin; no regeneration of the 
DpnII site occurred in non-fixed chromatin against the 
background of uncut product (compare Figures  7A,F,G). The 
data are consistent with early observations by Dekker et  al. 
(2002) and Gavrilov and Razin (2008), who noted that the 

A

D

B C

FIGURE 6 | DNA ligation in nuclei and in solution. (A) Patterns of the genomic DNA digested with DpnII and ligated in solution with different concentrations of T4 
DNA ligase. Genomic DNA was isolated (lane 1) and cut with DpnII as in Figure 5E. Then, RE was heat inactivated and DNA was purified on AMPure XP beads and 
subjected to electrophoresis (lane 2) or ligated for 1 h as in Figure 5E in a reaction volume of 20 μl using 1 μl of commercially available preparation of T4 DNA ligases 
in the following concentrations: lane 3–5 Weiss U/μl (Thermo, #EL0014), lane 4–1 Weiss U/μl (Sibenzyme, #E320), and lane 5 – high concentrated ligase of 10 Weiss 
U/μl (Sibenzyme, #E330). After ligation, the DNA was again purified using AMPure XP beads and subjected to electrophoresis. One of the three replicate 
experiments is shown. (B) Pattern of ligation of uncross-linked chromatin in 1 h. Сells were left unfixed (0% FA), were washed with 1X PBS at RT, and were lysed, 
incubated in lysis buffer, and washed as in Supplementary Figure S1A. Then, nuclei were treated with SDS and Triton X-100 as in Figure 5F. Nuclei were then 
washed with 1X RB and after that RE digestion of the chromatin and DNA ligation in the nuclei were implemented as in Figures 5A–D. Control aliquots were taken 
as in Figures 5A–D. The volume of samples was adjusted, with 1X T4 DNA ligase buffer, to 250 μl and then PrK, SDS, and EDTA were added to the controls and to 
the ligation and the cross-links were reversed as in Supplementary Figure S1A. After this, DNA was extracted, precipitated as in Figures 2A–C, dissolved as in 
Figures 5A–D, treated with bovine RNase A as in Figures 2A–C, and subjected to electrophoresis as in Figures 5A–D. The designations of lanes are as in A two 
replicates of the experiment were carried out. (C) Pattern of ligation of cross-linked chromatin overnight. The experiment was carried out as in B, except that cells 
were fixed, quenched, washed after quenching with 1X PBS as in Figures 2A–C, and ligation was implemented as in Figures 5A–D (with the exception of heat 
treatment being performed O/N at 16°C). The designations of lanes are as in A. One of the three replicate experiments is shown. (D) Influence of the SDS and Triton 
X-100, and their combined influence, on ligation efficiency. The experiment was carried out as in B, except that the cells were fixed with 0.5% FA in 1X PBS at RT 
for 10 min, quenched, and washed after quenching with 1X PBS as in Figures 2A–C. The ligation was implemented as in Figures 6A–D, except that DNA ligation 
was performed O/N at 16°C under the following conditions: without SDS and without Triton X-100 (first panel); in the presence of 0.1% SDS (second panel); in the 
presence of 1% Triton X-100 (third panel); and in the presence of both 0.1% SDS and 1% Triton X-100 (fourth panel). Then, control aliquots were taken as in 
Figures 6A–D and samples were processed further, as in B. The designation of lanes is as in A. One of the three replicate experiments is shown.
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ligation yield is very low in non-fixed yeast and mammalian 
cells, respectively, not exceeding 5% of the amount of ligation 
in fixed cells. The data agree with later observations by 

Belaghzal  et  al. (2017) that leaving out the cross-linking step 
leads to dramatic loss of detected contacts and the inability 
to reconstruct the chromatin conformation beyond a few kb.

A

D

E F G

B C

FIGURE 7 | Quantification of restriction digestion and ligation efficiency depending on reaction conditions. (A) Cell fixation enables efficient chromatin digestion. 
The experiment with unfixed cells was performed as in Figure 6B, except that ligation O/N was at 16°C. The experiment with fixed cells was carried out as in 
Figure 6B, except that cells were fixed with 0.5% FA, quenched, washed after quenching with 1X PBS as in Figures 2A–C, and ligation O/N was at 16°C. Control 
aliquots were taken as in Figures 5A–D and samples were processed further as in Figure 6B. The graph shows the frequency of intact (uncut) restriction site in the 
samples fixed with FA or non-fixed. The proportion of the uncut site was determined using PCR-stop analysis as described in Figures 8A,B. Error bars indicate SDs 
of four technical PCR measurements from at least three independent biological replicates of 3C library. Asterisks indicate significance levels: **p < 0.001, n = 22. 
(B) Triton X-100 does not influence ligation efficiency. The experiment was carried out as in (A). The ligation yield was calculated as described in Supplementary 
Figures S2A,B. No statistically significant difference between the groups was found (p < 0.5, n = 20). (C,D) High T4 DNA ligase concentration decreases ligation 
efficiency. The experiments were carried out as in A, except that ligation was performed at different T4 DNA ligase concentrations, as indicated, O/N at 16°C. The 
ligation yield was calculated as described in Supplementary Figures S2A,B. Error bars indicate SDs of four technical PCR measurements from at least three 
independent biological replicates of 3C library. Statistically significant differences between groups are indicated with asterisks: *p < 0.05. The representative 
experiment presented under D was carried out in two replicates. The designation of lanes in D are as in Figures 5A–D. (E) Ligation efficiency does not significantly 
differ at 16°С and 22°С. The experiment was carried out as in A. The ligation yield was calculated as described in Supplementary Figures S2A,B. No statistically 
significant difference between the groups was found (p < 0.25, n = 8). (F,G) Quantitative values reflecting the effectiveness of the 3C procedure at the RpII site. The 
experiments were implemented as in A. The amount of intact (uncut or religated) DpnII site, the ligation yield, and the amount of circularized product were estimated 
as described in Supplementary Figures S2A,B. Asterisks indicate significance levels: for F *p < 0.05, n = 24; for G **p < 0.001, n = 20.
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Third, we observed that the presence of 1% Triton X-100  in 
the ligation reaction did not exert a significant effect on the 
ligation efficiency (Figure 7B). The finding was consistent with 
electrophoresis data (Figure  6D). Thus, Triton Х-100 added 
up to 1% does not inhibit ligation in nuclei. Moreover, 
we  observed that the ligation efficiency may be  improved in 
the presence of Triton X-100  in the ligation reaction since 
some amount of Triton X-100 prevents adhesion of nuclei to 
the tube walls. To prevent adhesion of nuclei, 0.1% Triton 
X-100 is sufficient.

Further, we quantified how the T4 DNA ligase concentration 
and the temperature affect the efficiency of DNA ligation in 
nuclei. We  found that ligation was most efficient at T4 DNA 
ligase concentrations ranging from 0.25 to 0.025 U/μl. We  did 
not find significant differences in ligation efficiency between 
the two concentrations, while lowering the ligase concentration 
to 0.0025 U/μl led to a significant decrease in ligation efficiency 
(Figures  7C,D). Unexpectedly, increasing the T4 DNA ligase 
concentration in the reaction from 0.25 to 1 U/μl decreased 
the ligation efficiency (Figures  7C,D).

We assume that an increase in T4 DNA ligase concentration 
leads to rapid consumption of the ATP pool and that this might 
be critical during the long incubation time of the reaction. Thus, 
the reaction of chromatin ligation in nuclei should be neither 
overloaded with T4 DNA ligase nor lacking it. Our results are 
in good agreement with the data of other authors. For example, 
the final concentrations of T4 DNA ligase were 0.0012, 0.001, 
and 0.006 Weiss U/μl in the articles (Lieberman-Aiden et  al., 
2009; Naumova et al., 2013; Falk et al., 2019), respectively, where 
the Dekker team’s protocol was used. The concentration of T4 
DNA ligase was also not high in other classical works and 
protocols. For example, the concentrations were 0.006, 0.008, 
and 0.014 Weiss U/μl in (Stadhouders et  al., 2013; Rao et  al., 
2014; Nagano et al., 2015b), the concentrations were 0.006, 0.008 
and 0.014 Weiss U/μl, respectively, and 0.013 Weiss U/μl in 
Splinter et  al. (2012), van de Werken et  al. (2012) and 0.02 and 
0.024 in Comet et al. (2011) for 3C and H3C, respectively (Cavalli 
team’s protocol). TThe range of the most efficient T4 DNA ligase 
concentrations (0.25-0.025 U/μl) that we found for S2 cells is 
more consistent with the T4 DNA ligase concentration described 
for Drosophila tissues (from adults, pupae, or embryos; Comet 
et  al., 2011). As for the temperature, we found no significant 
differences in ligation efficiency between 16 and (Figure  7E).

Next, to quantify the ligation efficiency, we  measured the 
amounts of the uncut site and ligated product (target ligation, 

regeneration of the original restriction site, or ligation yield). 
The amounts of the uncut site and religated product were 
estimated at 3.4 ± 0.2 and 8.3 ± 1.7%, respectively (Figure  7F). 
The average range of variation between technical replicates 
was only ±0.4% after determining the amount of the uncut 
site, while it was ±1.5% after determining the ligation yield, 
the two values differing significantly (p < 0.05, N = 20). Moreover, 
there was no significant correlation between the amount of 
the uncut site and the ligation yield either in the presence of 
1% Triton X-100 (r = 0.49, p < 0.15, N = 10) or in the absence 
of Triton X-100 (r = 0.333, p < 0.35, N = 10).

We concluded that our experimental conditions make it 
possible to achieve efficient chromatin digestion with DpnII 
and to detect the ligation products at an acceptable level, above 
the background of non-cleaved DNA. At the same time, a 
larger data variation observed after ligation than after digestion 
is possibly a reflection of the fact that ligation of target DNA 
ends is a rare event in the 3C procedure (Gavrilov et  al., 
2013a; Gavrilov, 2016), thus, requiring prolong incubation in 
the case of fixed nuclei (Figures  5A–D,F, Figures  6B,C) and 
being therefore statistically more variable according to our results.

The efficiency of DNA digestion should be as high as possible, 
preferably higher than 80% (Louwers et  al., 2009; Naumova 
et al., 2012; van de Werken et al., 2012) and may vary between 
samples and cell types used (Splinter et  al., 2012).

Several works were performed to measure the frequencies 
of restriction site regeneration (ligation yield) and the percentage 
of uncut site copies (van de Werken et  al., 2012; Gavrilov, 
2016). We  compared our results with the results from these 
works (Table  3).

The percent of cut site in our conditions (96.6%) was 
much higher than achieved with the dilution (Gavrilov, 2016) 
and with in situ (van de Werken et  al., 2012) protocols. 
This might be  explained by the lower FA concentration 
used, the different source of experimental material, and 
different conditions of chromatin treatment in our study 
compared with the above works.

At the same time, the ligation yield in our study (~5%) 
was lower than with the dilution protocol (Gavrilov, 2016; 
Table  3; Figure  7G). This can be  partly explained by using 
of different RE (DpnII instead of MboI) or is more likely 
be a consequence of different conditions of chromatin treatment 
[65°С in our study vs. 37°С in Gavrilov (2016)] since it seems 
that chromatin treatment at 37°С might give a higher ligation 
yield, as the Figures  5A–D imply.

TABLE 3 | Amounts of uncut site and the ligation yield in different type of protocols.

Protocol used
Amount of 

uncut site, %
Ligation yield, 

%
Material FA conc., % RE

Conditions of 
chromatin 

treatment, °C

This study
In-nucleus 
ligation protocol

3.5 5 Drosophila cells 0.5 DpnII 65

Gavrilov, 2016 Dilution protocol 20 9 Mouse cells 2 MboI 37

van de Werken et al., 2012
In situ ligation 
protocol

20 ND* Human cells 2 DpnII 37

*ND, Not determined
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In summary, the ratios between the amounts of non-cleaved 
and religated restriction site in our study were approximately 
the same as previously shown for mouse embryonic liver cells 
(Gavrilov, 2016), emphasizing the universality of 
our observations.

We additionally estimated the amount of a circular ligation 
product (284 bp; Figure 7A). The amount was found to be more 
than 10 times lower than the amount of the regenerated ligation 
product (0.37% ± 0.10% vs. 5%; Figure  7G). Thus, ligation of 
adjacent restriction fragments is predominantly observed with 
our in-nucleus ligation protocol, whereas circularization  
and ligation of adjacent restriction fragments are equally possible 
for solubilized chromatin in the dilution protocol  
(Gavrilov, 2016). Our observations coincide with the observations 
of other authors (Arkadiy Golov and Maxim Imakaev, 
personal communications).

Thus, the absence of solubilization contributes to directional 
ligation of adjacent chromatin fragments.

The ability of T4 DNA ligase to ligate DNA in the 
presence of NaCl was another important issue that 
we  investigated concerning ligation. In some 3C protocols, 

a salt-free 1X T4 DNA ligase buffer is used to dilute the 
restriction reaction mixture after RE inactivation at 65°C 
(Comet et  al., 2011; Rao et  al., 2014; Vermeulen et  al., 
2020). However, 1X restriction buffer (RB) for DpnII 
contains 100 mM NaCl, which has a potential inhibitory 
effect because T4 DNA ligase is salt-sensitive and is most 
active in a salt-free buffer (Raae et  al., 1975; Hayashi 
et  al., 1985). The effect of T4 DNA ligase inhibition with 
NaCl is manifested differently in ligation of DNA cut with 
different REs (Hayashi et  al., 1985) and was not studied 
for DpnII. Unexpectedly, no significant inhibition of T4 
DNA ligase was observed with up to 150–200 mM NaCl 
(Figure  8A). However, the activity of T4 DNA ligase was 
inhibited at a much lower NaCl concentration in the 
above studies.

We assumed that the effect of salt inhibition of T4 DNA 
ligase activity would be more clearly detected if genomic DNA 
is digested with a 6-bp cutter since after ligation DNA assembles 
in solution into fragments of higher MWs, larger than 10–12 kb 
(Figure 5E). Again, noticeable inhibition of ligation was observed 
sonly at NaCl concentrations of 150–200 mM (Figure  8B). 

A B

DC

FIGURE 8 | Inhibition of T4 DNA ligase activity with NaCl. (A,B) The ability of T4 DNA ligase to ligate DNA in the presence of NaCl using genomic DNA. Genomic 
DNA was isolated, dissolved, treated with RNase I, purified on AMPure XP beads (lane 1), and digested with DpnII in DpnII buffer pH 6.0 (A) or with EcoRI in EcoRI 
buffer (B) as in Figure 5E. After digestion, REs were heat inactivated and DNA was purified on AMPure XP beads and subjected to electrophoresis (lane 2) or 
ligated in solution as in Figure 6E in the presence of different concentrations of NaCl (indicated by the upper raw of figures presented above the picture). Then, DNA 
was desalted by purification on AMPure XP magnetic beads and subjected to electrophoresis. Lane 1, non-digested DNA; lane 2, digested DNA; and lanes 3–10, 
DNA ligated at different concentrations of NaCl (0–200 mM). 41 mM is a concentration on NaCl in ligation reaction from Comet et al. (2011). One of the three 
replicate experiments is shown. (C,D) The ability of T4 DNA ligase to ligate DNA in the presence of NaCl using plasmid DNA. Plasmid DNA of pUC19 (C) or of pU6-
BbsI-chiRNA (D) was linearised using a unique EcoRI site in the backbone. Restriction digestion was performed using 10 U of EcoRI in EcoRI buffer in a volume of 
20 μl. Then, RE was heat inactivated and DNA was precipitated and washed with ethanol as in Figures 2A–C, dissolved in 10 mM Tris-HCl pH 8.0, ligated in 
solution as in Figure 5E, and subjected to electrophoresis. Lane 1, non-digested plasmid (400 ng); lane 2, linearised plasmid (400 ng); lane 3, a double amount of 
linearised plasmid was taken after precipitation with ethanol; and lanes 4–11, DNA ligated in the presence of different concentrations of NaCl (0–200 mM). 41 mM is 
a concentration on NaCl in ligation reaction proposed from Comet et al. (2011). One of the three replicate experiments is shown.
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With plasmid DNA, such inhibition was not observed at all 
or was very slight at 150–200 mM NaCl (Figures  8C,D).

We concluded that T4 DNA ligase can function efficiently 
in the presence of NaCl used at up to 100 mM and that even 
150–200 mM NaCl is possible to use in the ligation reaction 
without significantly affecting the ligase activity.

The following questions are also discussed in the supplement: 
SDS sequestration with Triton X-100; washings of nuclei; 
optimization of Taq-man PCR conditions; reversion of cross-
links and isolation of the 3C library (discussion of the role 
of EDTA, ionic strength, and dilution in maintaining DNA 
integrity in the 3C procedure and the role of the temperature 
and composition of the extraction buffer (EB) in maintaining 
DNA integrity in the 3C procedure); treatment of the 3C 
library with RNases; and purification of the 3C library on 
magnetic beads.

A detailed protocol of 3C library preparation consisting of 
the optimized steps is given in the Supplement.

DISCUSSION

In general, the 3C procedure requires optimization for each 
specific cell type. We provide a useful framework for optimization 
of the protocol and carry it out for Drosophila S2 cells.

A sequence of steps and features was combined into the 
3C protocol to allow keeping the nuclei as intact as possible. 
The features include a lysis buffer that ensures hypotonic 
conditions (Tolhuis et  al., 2002) and has the detergent 
concentrations as proposed by Splinter et  al. (2012), van de 
Werken et  al. (2012), a washing of the nuclei with a hypotonic 
lysis buffer after lysis in hypotonic conditions (Rao et al., 2014; 
the washing can also be  done with 1X PBS, 1X RB, or even 
with water), a washing of the nuclei with 1X RB to remove 
SDS/Triton X-100 (Flyamer et  al., 2017), and a washing of 
the nuclei with a 1X T4 DNA ligase buffer to remove the RE 
instead of heating the nuclei at 65°C to inactivate RE (Flyamer 
et  al., 2017; Golov et  al., 2020). The efficiency of these steps 
is evidenced, for example, from the absence of DNA release 
from nuclei upon their treatment at 37°C and a more distinct 
ligation pattern (Figures  5C–D).

We studied in detail the basic stages of the 3C protocol 
in this work, paying special attention to the preservation 
of DNA integrity throughout the procedure. The absence 
of DNA degradation at all stages makes the method as 
reliable as possible and results in reproducible profiles at 
an output.

The causes of DNA degradation are the most mysterious 
aspect of the method. We  and others noticed that DNA 
degradation occurs early in the 3C protocol, often at the cell 
lysis step, and is commonly attributed to contaminating nucleases 
(Louwers et  al., 2009; Naumova et  al., 2012). Thus, initial 
stages of the protocol appear to be  absolutely critical for 
maintaining DNA integrity throughout the procedure. According 
to our results, cell lysis and subsequent chromatin treatment 
with SDS/Triton X-100 are the most crucial steps in this regard. 
There are a lot of enzymes with DNase activity in eukaryotic 

cells, and some of them function in the nucleus, cytosol, and 
lysosomes (Yang, 2011; Kawane et al., 2014; Fujiwara et al., 2017). 
The isolated cytosol of eukaryotic cells exhibits divalent cation-
dependent DNase activity (Lechardeur et al., 1999). We assumed 
that residual DNase activity may exert a detrimental effect on 
the integrity of a 3C DNA library during cell lysis and treatment 
of nuclei.

We found that treatment of cells with a hypotonic lysis 
buffer which provides for a more efficient release of nucleoplasmic 
proteins in comparison with an isotonic buffer (Méndez and 
Stillman, 2000; Golov et  al., 2015) and a subsequent thorough 
washing of the nuclei ensure DNA integrity at subsequent 
stages. Nucleases may be released from fixed nuclei via diffusion 
through the disrupted nuclear envelope as fixed nuclei swell 
in hypotonic conditions in the 3C procedure 
(Gavrilov  et  al., 2013b).

It is conceivable that two groups of nucleases, cytoplasmic 
and nuclear, may be  responsible for DNA degradation in the 
3C procedure. Predominantly, cytoplasmic nucleases are likely 
to be  inactivated and washed off during cell lysis, a washing 
of nuclei, and chromatin treatment at 65°C in isotonic conditions. 
The assumption is supported by the observations that a 
prolonged heating of nuclei at 65°С after isotonic lysis and 
a washing of nuclei were accompanied by DNA degradation, 
indicating nuclear damage and, probably, a nucleoplasm release. 
A transition to hypotonic conditions during reversion of cross-
links in the 1X T4 DNA ligase buffer induces a release of 
nucleoplasmic nucleases, and high EDTA concentrations in 
EB are required for preventing DNA degradation. However, 
it is unclear how these nuclear nucleases avoid solubilization 
with SDS at the step of SDS/Triton X-100 treatment of nuclei 
at 65°C/37°C.

At the same time, some amount of genomic DNA was 
released into the supernatant fraction after hypotonic lysis, a 
washing of nuclei, and short-term heating at 65°C. The more 
severe the processing conditions, the greater amount of DNA 
was found in the supernatant. However, this release was not 
accompanied by DNA degradation in the supernatant and 
nuclear pellet fractions. The finding proved that hypotonic lysis 
is more efficient.

If nucleases are suspected to occur in the sample, as in 
the case of isotonic lysis or an improper washing of nuclei 
after lysis, dilution of the restriction reaction mixture with 
a large volume of a hypotonic 1X T4 DNA ligation buffer 
prior to DNA ligation may provide a means to preserve the 
integrity of the 3C library upon ligation and subsequent 
reversion of cross-links. This approach is unconsciously used 
in the dilution ligation protocol (Dekker et  al., 2002; Tolhuis 
et al., 2002; Lieberman-Aiden et al., 2009; Comet et al., 2011; 
Stadhouders et  al., 2013; Ulianov et  al., 2016; Vermeulen 
et  al., 2020). In other cases, the addition of EDTA at up to 
30 mM can help to preserve DNA integrity upon reversion 
of cross-links.

In experiments with Drosophila S2 cells, we  found that the 
addition of EDTA above a certain threshold concentration 
(>22 mM) prevents DNA degradation and maintains DNA 
integrity. The finding further confirms that DNA degradation 
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is directed by nucleases depending on divalent cations and, 
primarily, Mg2+ as the most abundant divalent cation in the 
cell. Our results from experiments on preserving EDTA 
concentrations correlate well with the literature data on 
physiological concentrations of Mg2+ in cells and hemolymph 
of Drosophila larvae (Begg and Cruickshank, 1962; Larrivee, 
1979; van der Meer and Jaffe, 1983; Stewart et al., 1994; Echalier 
et  al., 2018), as well as in the extracellular and perivitelline 
fluids (~20 mM; van der Meer and Jaffe, 1983).

Several other important findings made in our experiments 
are listed below.

Quality of the resulting 3C libraries may depend on how 
and with what RNase the library is treated. In our experiments, 
E. coli RNase I  performed best. The enzyme did not degrade 
DNA at room temperature and 37°C even when used at high 
concentrations. In contrast, bovine RNase A, which is most 
frequently used in such experiments, often degraded the library 
at 37°C, but not at room temperature. An increase in bovine 
RNase A concentration led to complete DNA degradation at 
both room temperature and 37°C.

Quality of the resulting libraries may depend on the conditions 
of elution from magnetic beads at the step of additional 
purification of the library. When DNA was eluted with water 
at an elevated temperature of 55°C (heating facilitates elution), 
DNA degradation occurred, while DNA was stabilized in a 
Tris buffer or in the presence of NaCl.

An increase in SDS concentration during extraction of 
uncross-linked proteins from nuclei increases the amount of 
uncross-linked RNA released from the nuclei. The observation 
is important for studying chromatin-associated RNAs using 
the Hi-C method (Li et  al., 2017; Sridhar et  al., 2017; Bell 
et  al., 2018; Yan et  al., 2019; Bonetti et  al., 2020; Gavrilov 
et  al., 2020). In this method, SDS is routinely used to remove 
the cytoplasm and to extract the proteins and RNAs that have 
not been cross-linked to DNA before ligation of chromatin-
associated RNAs to DNA. Our data suggest that, when RNA 
molecules are not cross-linked to DNA, but can participate 
in the formation of ligation products with DNA, harsh treatment 
with a high SDS concentration will decrease RNA-DNA cross-
linking and cause a loss of signal.

We observed that non-fixed chromatin ligates much faster 
than fixed chromatin and that ligation in nuclei is strongly 

inhibited with 0.1% SDS even after its sequestration with 1% 
Triton X-100. Thus, it is necessary for efficient ligation to 
wash off SDS/Triton X-100 as suggested by Flyamer et  al. 
(2017). We  also noticed that DNA ligation in nuclei is slightly 
more efficient at 16°C in the presence of T4 DNA ligase at 
a concentration not exceeding 0.25 U/μl.

We additionally showed that the circularization of a restriction 
fragment is a very rare event under the conditions of the in 
situ/in-nucleus protocol compared to direct ligation of adjacent 
DNA restriction fragments. We measured the ligation frequencies 
for only one site; however, it was previously shown that values 
measured for several sites do not fundamentally differ (Gavrilov 
and Razin, 2008).

No ligation yield was observed after digestion and ligation 
of non-fixed chromatin (compare absolute values in 
Figures 7A,F,G). At the same time, we showed that non-fixed 
chromatin is ligated much faster than fixed chromatin (compare 
Figure 5F and Figures 6B,C). This discrepancy can be explained 
by the fact that mass ligation of DNA fragments still proceeds 
in non-fixed nuclei, although specific interactions of restriction 
fragments are lost in non-fixed chromatin (Dekker et  al., 
2002; Gavrilov and Razin, 2008; Belaghzal et  al., 2017). In 
addition, non-fixed chromatin is less frequently cleaved 
(Figure 7A), thus producing DNA fragments of higher MWs. 
The fragments are ligated in a pattern that mimics efficient 
ligation (compare the patterns obtained with 6-bp and 4-bp 
cutters in Figure  5E). As a result, the library from non-fixed 
cells looks as having been efficiently ligated but contains 
very few specific ligation products (Dekker et  al., 2002; 
Gavrilov and Razin, 2008; Belaghzal et  al., 2017). Thus, 
non-fixed chromatin is cut worse and ligated faster, but this 
ligation turns out to be  meaningless, while fixed chromatin 
is cut more efficiently and ligated slower, but this ligation 
makes sense.

The conditions that we selected for S2 cells are also suitable 
for Drosophila larvae [(Shidlovskii et  al., 2021); Bylino et  al., 
manuscript in preparation]. We suppose that the same conditions 
might be  suitable for working with more complex models 
than Drosophila tissues, including mammalian and human cells 
and mammalian tissues. However, additional steps of tissue 
processing with collagenase, elastase, or trypsin should 
be  introduced into the procedure to obtain a cell suspension 

TABLE 4 | Conditions found to be optimal for stages of the 3С protocol.

# Stage of the protocol Conditions studied Optimal

1 Inactivation of FA with 
glycine

1. Inactivation with 0.125 M glycine

2. Inactivation with equimolar or slightly excessive glycine

Inactivation with equimolar or slightly excessive glycine

Storage of fixed nuclei 1. After using 0.125 M glycine

2. After using equimolar or slightly excessive glycine

Move immediately to the lysis stage without storage of nuclei

2 Lysis Contributions of various components of the lysis buffer Hypotonic conditions (10 mM NaCl) with high amounts of 
non-ionic detergents (1% Triton X-100 + 0.5% NP-40)

3 Chromatin heating in 
the presence of SDS 
(nucleoplasm release)

(1) 65°C for 10 min, (2) 65°C for 5 min, (3) 37°C for 10 min, (4) 37°C for 1 h at 
different SDS concentrations (0.1, 0.3, 0.5%)

65°C for 5 min or 37°C for 10 min with 0.1–0.3% SDS

(Continued)
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in this case. After isolation, cells can be  treated using the 
steps shown and discussed here. We  hope that the sequence 
of steps proposed here may be  useful for single-cell methods 

since several steps were taken from the work by Flyamer 
et  al. (2017), which focused on single cells. We  summarized 
our results in Table  4.

# Stage of the protocol Conditions studied Optimal

4 Sequestration of SDS 
with Triton X-100

The following chromatin treatment regimens were studied (SDS/Triton X-100 
concentrations were 0.1 and 1.8%, respectively): (1) 65°C for 10 min with SDS 
in 1X RB + 37°C for 1 h with Triton X-100 in 1X RB, (2) 65°C for10 min with SDS 
in 1X RB + addition of Triton X-100 without any incubation, (3) 65°C for 10 min 
with SDS in water +37°C for 15 min with Triton X-100 in water, (4) 65°C 
for10 min with SDS in 1X RB + 37°C for 15 min with Triton X-100 in 1X RB

65°С, 10 min, SDS in water +37°C, 15 min, Triton X-100 in 
water

5 Washing of nuclei after 
cell lysis

(1) With hypotonic lysis buffer containing 1% Triton X-100 and 0.5% NP-40, (2) 
With 1X RB, (3) With 1X PBS, (4) With water

With hypotonic lysis buffer (1X RB, 1X PBS and water can also 
be used)

Washing of nuclei after 
treatment with SDS/
Triton X-100

(1) Without washing (addition of 10X RB into water containing SDS/Triton 
X-100), (2) Without washing (centrifugation, removing the supernatant, and 
resuspension of nuclei in 1X RB), (3) Washing three times with 1X RB, (4) 
Washing once with 1X PBS and resuspension in 1X RB

Washing three times with 1X RB

Washing of nuclei after 
restriction digestion 
with or without prior RE 
inactivation at 65°C for 
20 min

(1) Without washing [dilution of restriction mixture with 1X T4 DNA ligase buffer 
(1X T4 LB)], (2) Washing once with 1X LB, (3) Without washing (centrifugation, 
removing the supernatant, and resuspension of nuclei in 1X T4 LB), (4) Washing 
three times with 1X T4 LB

Without RE inactivation at 65°C for 20 min + washing three 
times with 1X T4 LB

6 Chromatin digestion in 
nuclei

1. The following regimens after different heat treatment were studied (treatment 
with SDS/Triton X-100 was done in water; SDS and Triton X-100 concentration 
was 0.3 and 1.8%, respectively; cell fixation was carried out at 1% FA): (1) 65°C 
for10 min with SDS + 37°C for 15 min with Triton X-100, (2) 65°C for 5 min with 
SDS + 37°C for 15 min with Triton X-100, (3) 37°C for 10 min with SDS + 37°C 
for 15 min with Triton X-100, (4) 37°C for 1 h with SDS + 37°C for 1 h with Triton 
X-100.

2. Was studied after cell fixation with different FA concentrations (chromatin 
treatment was done at 65°C for 5 min with 0.3% SDS in water + 37°C for 15 min 
with 1.8% Triton X-100 in water): 0.5, 0.25, 0.1, 0%

1. 37°C for 1 h with SDS + 37°C for 1 h with Triton X-100 or 
65°C for 5 min with SDS + 37°C for 15 min with Triton X-100

2. 0.5% FA

7 DNA ligation in nuclei 1. Duration of ligation: 1 h, overnight

2. Presence of 0.1% SDS and 1% Triton X-100

3. Effect of 1% Triton X-100

4. Effect of T4 DNA ligase concentration: 1, 0.25, 0.025, 0.0025 U/μl

5. Effect of the reaction temperature: 16°C, RT (22°C)

6. Effect of NaCl concentration: 10–200 mM

1. Overnight

2. Exclude 0.1% SDS sequestered with 1% Triton X-100 from 
ligation reaction

3. Does not affect the ligation process; at 0.1% prevents nuclei 
from sticking to tube walls upon shaking

4. Range 0.25–0.025 U/μl.

5. 16°C

6. Ligation is most effective at up to 100 mM NaCl and can 
be carried out without significant loss of T4 DNA ligase activity 
at up to 150–200 mM NaCl

8 Reversion of cross-
links and isolation of 
3C library

1. Effect of EDTA concentration in EB on DNA integrity

2. Effect of diluting restriction mixture with 1X T4 LB on DNA integrity

3. Influence of temperature on efficiency of cross-link reversion

4. Effect of ionic strength and EB composition on cross-link reversion and the 
success of DNA extraction with Ph/Chl

1. 30 mM EDTA is required to maintain DNA integrity after cell 
lysis in isotonic conditions, but not after cell lysis in hypotonic 
conditions

2. Dilution helps to maintain DNA integrity after lysis in isotonic 
conditions, but is not required after lysis in hypotonic 
conditions

3. Reversion of cross-links is efficient at 56°C for 13.5 h or 
50°C for 19 h

4. Hypertonic conditions are not recommended. In isotonic 
conditions, adding 1% SDS or 30 mM EDTA is optional. In 
hypotonic conditions, adding 1% SDS or 30 mM EDTA is 
required

9 Treatment of 3C library 
with RNases

Bovine RNase A, Recombinant RNase A, RNase If, RNase T1, RNase I RNase I

10 Purification of 3C 
library on magnetic 
beads (SPRI)

1. Elution from beads with: Water at 55°C and at RT

2. 10 or 50 mM Tris-HCl pH 8.0, 10 or 25 mM NaCl

1. Elution with water at RT

2. Elution with 10–50 mM Tris-HCl pH 8.0 or 10–25 mM NaCl 
at RT or at 55°C

11 DNA storage On magnetic beads: overnight at RT and at −20°C under 75% ethanol  
On ice: over a weekend, for a week, for 2 weeks

Any condition is suitable

TABLE 4 | Continued
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CONCLUSION

We characterized the critical points of the 3C procedure and 
offer options to bypass these bottlenecks. Improvements 
introduced to the procedure make it possible to carry out the 
3C method with the maximum yield, to preserve DNA integrity 
at all stages, and to increase the stability and reproducibility 
of the method.
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