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Abstract

Chromosome Conformation Capture (3C) has emerged as a powerful approach for revealing the
conformation and features of three-dimensional (3D) genomic organization. Yet attainment of
higher resolution in organisms with compact genomes presents a challenge. Here, we describe
modifications in the 3C technique that substantially enhance its resolution and sensitivity when
applied to the 3D genome of budding yeast. Keys to our approach include use of a 4 bp cutter, Taq
I, for cleaving the genome and quantitative PCR for measuring the frequency of ligation. Most
importantly, we normalize the percent digestion at each restriction site to account for variation in
accessibility of local chromatin structure under a given physiological condition. This strategy has
led to the detection of physical interactions between regulatory elements and gene coding regions
as well as intricate, stimulus-specific interchromosomal interactions between activated genes. We
provide an algorithm that incorporates these and other modifications and allows quantitative
determination of chromatin interaction frequencies in yeast under any physiological condition.
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1. Introduction

Chromatin is packaged into intricate folds or loops within the three-dimensional (3D) space
of the nucleus. From yeast to mammals, chromatin loops serve to control gene expression by
bringing distal regulatory elements of the genome into physical proximity. These loops can
juxtapose enhancers and promoters located tens or hundreds of kilobases from each other
[1], or bring gene promoters into close proximity with their corresponding terminators [2-6].
Furthermore, loops encompassing protein-coding genes tend to adopt distinct nuclear
positions [7]. Genes can interact with the nuclear envelope and its associated components [8,
9], or cluster within nuclear substructures locally enriched in transcription machinery [10,
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11], pre-mRNA splicing factors [12] or Polycomb proteins [13, 14]. Such interactions can
either activate or dampen gene expression. Clearly transcription, as well as other DNA-
templated processes such as DNA repair [15, 16], are profoundly dependent on the 3D
architecture and nuclear organization of chromatin.

Two types of approaches are principally used for studying 3D genome architecture and
organization: fluorescence microscopy-based techniques and molecular methods.
Microscopy-based procedures such as FISH, LacO-Lacl tagging and immunofluorescence
have provided insights into chromosome positioning [17], gene re-localization [18, 19] and
more recently, biomolecular condensates that may participate in the transcriptional control
of cell identity genes [20, 21]. Microscopy makes the study of single and live cells possible;
however, this method is limited in throughput as well as in resolution (~200 nm). Molecular
techniques such as chromosome conformation capture (3C), in contrast, permit detection of
chromatin contacts representative of a large population of cells, even highly transient ones
[22]. 3C has a resolution of 1 to 5 nm [23], far greater than that attainable by microscopy. 3C
and its derivative techniques have also been successfully applied in a variety of organisms.

3C enables the detection and characterization of chromatin contacts between any two
genomic elements in physical proximity. Use of this technique in the yeast Saccharomyces
cerevisiae has unveiled important features of the Rabl-like configuration of chromosomes
[24, 25] as well as higher-order chromatin folding [26, 27]. It has also revealed interactions
between gene promoters and terminators [5, 22, 28-30]; upstream activator sites (UAS’s)
and promoters; and regulatory and coding regions [22, 31]. 3C has also uncovered activator-
dependent intergenic interactions that take place between genes located on the same or
different chromosomes [22, 31]. Application of 3C technology to higher eukaryotes has
revealed long-range gene control via chromatin loops [32-34] and higher-order
chromosomal structures such as topologically associating domains (TADs) [35, 36]. Such
approaches have additionally revealed the existence of co-regulated gene clusters termed
transcription factories or hubs [10, 11, 37].

The 3C procedure typically incorporates four steps: (1) chemical crosslinking of spatially
proximal chromatin segments; (2) fragmentation of the genome using appropriate restriction
enzyme(s); (3) intra-molecular ligation of the linked chromatin segments; and (4)
quantification of purified ligation products (schematically summarized in Figure 1). Each of
these steps is subject to variability; therefore, incorporation of proper controls is necessary
for ensuring high-quality data. For instance, the efficiency of restriction enzyme digestion
can vary dramatically from one genomic locus to the next (or from one physiological state to
another). In particular, location of the recognition site within a nucleosome [38] and protein
density across these sites can dictate their accessibility and by extension, cleavability.
Therefore, for accurate assessment of contact frequency between two chromatin loci, a
normalization step that takes into account the efficiency of cleavage of each locus is
necessary.

Moreover, attainment of enhanced resolution in organisms with more compact genomes
presents a challenge. In yeast, UAS and promoter regions are typically located within a few
hundred base pairs. Therefore, earlier 3C protocols designed to map long-range
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chromosomal interactions [39] or promoter-terminator proximity [40, 41] are inadequate to
detect such short-range interactions. Here we describe a 3C procedure, Taq I-3C, that
incorporates a normalization step that accounts for efficiency of digestion along with other
important modifications, including the use of gPCR to quantify novel joint formation.
Collectively, these improvements substantially enhance the resolution, sensitivity and
reproducibility of 3C, and have led to unexpected insights into the dynamic structure and 3D
organization of the yeast genome.

2. Development of Taq I-3C

A key feature of Taq I-3C is the use of a four base-pair (bp) cutter, as opposed to more
commonly used 6 bp cutters [2, 28, 29, 42]. Taq | represented an attractive choice for several
reasons. First, Taq | digestion yields cohesive ends that can ligate efficiently. Second, as a 4
bp cutter, Taq | cleaves frequently, roughly every 256 bp. Small fragments arising from Taq |
cleavage could, in principle, resolve between regulatory versus coding regions of a gene.
Indeed, in tests for candidate gene interactions, novel UAS-promoter and regulatory-coding
region contacts were detected [22, 31], in addition to the previously reported promoter-
terminator gene loops [5, 28-30], owing in part to the frequent and favorable distribution of
Tag | within and around the genes.

A typical 3C procedure fails to account for changes in efficiency of restriction digestion,
which can be a confounding variable. The efficiency of a restriction enzyme to cleave its
recognition sites depends on how accessible those sites are within chromatin. This
accessibility is dictated by the local structure of chromatin, which is subject to variation due
to changing gene expression patterns (among other things). In our experience, digestion
efficiencies tend to vary — sometimes considerably — between conditions that are non-
inducing, inducing or attenuating for gene transcription. As digestion efficiency would affect
the frequency of ligation, this parameter is important to take into account.

Previous 3C studies in yeast have typically used a semi-quantitative method for assessment
of interaction frequencies [2, 5, 28-30, 43, 44]. The Taq I-3C procedure utilizes a real-time
gPCR-based quantification method that measures signals within the linear range of
amplification, eliminating the need for titration controls. In addition, the method is cost-
effective; offers high throughput analysis; and enables detection and comparison of a wide
range of signals. Additionally, we use tandem primers for amplifying ligation products that
minimizes the possibility of detecting PCR products resulting from crosslink-independent
ligation events, a concern when convergent or divergent primers are used.

Using Taq 1-3C, we have detected novel features of gene conformation and organization
heretofore unappreciated in budding yeast, including the existence of chromatin contacts
between the regulatory elements and other genomic loci separated by less than 500 bp. In
addition, Taq 1-3C has enabled detection of stimulus-specific interactions between genomic
regions located across the genome.

Methods. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chowdbhary et al. Page 4

3. Experimental Design

3.1 Crosslinking of chromatin

Crosslinking can be performed either on spheroplasts [39] or intact cells [40]. We use intact
cells, not only because it streamlines the procedure but avoids an unintended consequence of
spheroplasting: induction of the heat shock response [45, 46]. Formaldehyde, a potent yet
reversible crosslinker, is ideal for Taq 1-3C. It is extensively used for studying chromatin
structure and composition [47]. It forms a methylene linkage between the amino or imino
groups of neighboring proteins and nucleic acids [48]. Yeast cells are permeable to
formaldehyde, unlike other crosslinkers that require that cells be first converted to
spheroplasts. As formaldehyde-mediated crosslinks bridge short distances (2 A) [47],
crosslinking of indirect interactions is minimized. Typically, 1-3% of formaldehyde is used
in 3C procedures for yeast [39, 40, 49]. However, optimal conditions should be determined,
as overly crosslinked chromatin might trap indirect chromosomal interactions and be
difficult to digest whereas inefficient crosslinking would result in a failure to capture
legitimate chromatin interactions.

3.2 Restriction digestion

In previous 3C-based studies in yeast, restriction enzymes that recognize 6 bp sequences
were most commonly used [2, 28, 29, 42] (summarized in Table B.1). Rarely employed were
4 bp cutters whose cleavage frequency is on average 16-fold more frequent, and thus the
resultant mapping of higher resolution. In most cases where 4 bp cutters were employed,
they generated blunt-ends that ligate less efficiently than cohesive ones (see Table B.1 for
examples). A second important consideration is that the restriction sites should lie close to
putatively interacting regions, as a failure to do so could lead to a loss of resolution. To avoid
this problem, a combination of restriction enzymes that generate compatible ends could be
used.

The importance of carefully assessing the distribution of recognition sites at a gene of
interest is illustrated in Figure 2A. As can be seen, the 6 bp cutter EcoR | cleaves only once
within the SSA4 gene and its associated regulatory sequences; the nearest 5°- and 3’-
flanking sites are 14 kb and 9 kb away, respectively. By contrast, Taq | sites are frequent and
distributed nearly uniformly across SSA4 and surrounding regions, yielding discrete
regulatory and coding region fragments. The presence of multiple Taq I sites within the
SSA4 coding region provides an opportunity of “walking down” the gene for mapping
intragenic interactions, in contrast to EcoR 1. While the distribution of Taq | sites was
favorable at most genes that we have evaluated (Figures 2A and B.1A) [22, 31], any 4 bp
cutter that exhibits a similarly favorable distribution could in principle be used.

Nonetheless, the fact that Taq | cleaves optimally at 65°C makes it particularly useful in 3C.
In a standard 3C procedure, a brief period of chromatin solubilization at 65°C in the
presence of 1% SDS precedes restriction digestion [49]. This step ensures removal of
loosely bound, non-crosslinked proteins from the DNA. However, since residual traces of
SDS remain in the digestion mix, enzymes such as BamH I, Spe I, Pst I, and Nde | fail to
work optimally [48]. The protocol for Tag | makes the addition of SDS unnecessary, as
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chromatin solubilization is achieved without it. A potential concern associated with
incubation at elevated temperature is the reversal of formaldehyde-mediated crosslinks [50].
However, in our experience, a 7 h incubation at 60°C preserves many features of 3D
chromosome topology, as evidenced by the fact that chromatin contacts identified using Taq
I-3C are strictly formaldehyde-dependent (see Figure 4 below).

The digestion efficiency of a restriction enzyme is dependent on several factors. First, as
mentioned above, is the location of restriction sites within a nucleosome. The resistance to
digestion can be up to 100-fold for DNA sequences located at the entry/exit points of the
nucleosome and 100,000-fold for those located at its center [38]. Second, chemical-mediated
stabilization of histones (or non-histone proteins) to DNA resists digestion. As shown for
SSA4, crosslinked chromatin is digested 10-20% less efficiently than the non-crosslinked
control (Figure 2B). This is in agreement with a study comparing digestion of EcoR | sites
upstream, downstream and within the human FMRI gene that showed a decrease in
digestion efficiency (~25%) at each site, owing to the enrichment of crosslinked proteins
[51].

As nucleosome position and stability (as well as occupancy of non-histone proteins) can
vary dependent on a gene’s expression state [52, 53], we tested accessibility of Taq I sites
within and flanking SSA4 under conditions of variable expression. We observed that the
efficiency of Taq | digestion varied according to expression state (Figure 2C): typically
highest when the gene was weakly expressed (either non-heat-shocked (NHS) or chronically
induced (120 min heat shock [HS])) and lowest when the gene was most highly transcribed
(1 - 30 min HS). Therefore, the efficiency of Taq I digestion dynamically changes during the
course of heat shock, paralleling dynamic changes in the transcription rate of this gene [22].
Similar dynamic alterations in chromatin accessibility were observed at other thermal stress-
responsive genes, both those induced by heat shock as well as those repressed by it (PGM2
and RPL 10, respectively; Supplemental Figure B.1).

3.3 Primer design

Primers must be designed against unique sequences in the genome (use BLAST in SGD
[www.yeastgenome.org]). They should be 20-30 nts in length (ideally 24-27 nts) with a GC
content of 40-50%. Ideally, they should correspond to sequences within 50 - 150 bp of the
restriction sites of interest; this will keep amplicon sizes in the range of 100-300 bp, optimal
for detection by gPCR. To avoid detection of false positives (i.e., signals not reflecting
formation of crosslink-dependent ligation joints), we recommend using tandem primers.
While divergent primers have been more commonly used (see Supplemental Table B.1),
these can yield PCR products resulting from self-ligation of chromatin fragments as
illustrated in Figure 3. Likewise, convergent primers can generate PCR products when the
intervening restriction sites remain uncut. However, as shown in Figure 3, tandem primers
specifically amplify crosslink-dependent ligation products, eliminating the non-informative
background noise. It is nonetheless a good idea to confirm the size and sequence of each
amplicon generated as there might be instances where incomplete digestion of restriction
sites yields ligation products detectable by tandem primers. Under such circumstances,
either multiple amplicons or a single amplicon of inappropriate length will be seen. Finally,
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since each primer pair amplifies with a different efficiency, it is critical to correct for this
variable (see Section 3.4.2.5 below).

3.4 Detection and quantification of Taq I-3C signals

3.4.1 SYBR Green gPCR method—3C quantifies ligation products as a measure of
the frequency of interaction between a given pair of genomic loci. Most previous 3C studies
in budding yeast employed locus-specific end-point PCR [2, 5, 28-30, 43, 44], where a
standard amount of genomic DNA template is used with a set of primer pairs for a certain
number of PCR cycles. However, for this method to be quantitative, the template must be
titrated to ensure linear amplification. On the other hand, real-time gPCR circumvents the
need for any titration controls. It does so by identifying cycle threshold (Ct) values early
within the exponential phase where PCR amplification occurs with >90% efficiency [54].
gPCR has a detection range vastly exceeding that of end-point PCR. It is also more sensitive;
offers higher throughput; and requires smaller sample volume. We detect PCR products by
using the SYBR Green fluorescent reporter, a convenient and cost-effective alternative to the
previously used TagMan probes [42, 55].

3.4.2 Controls and algorithm to calculate interaction frequencies—We
developed an algorithim to quantify chromatin contacts using Taq I-3C. First, we divide
crosslinked chromatin into three fractions: (i) undigested chromatin (“UND3c™), (ii)
digested-only chromatin (“DO3¢”) and (iii) digested and ligated chromatin (“Ligsc”).
Second, we divide a naked genomic DNA (gDNA) control into three corresponding
fractions: UNDgpna, DOgpna and Liggpna(see also 3.4.2.5). For each template, two
biological replicates are prepared. We then determine the cycle threshold value for all
templates, and take an average of the replicates (see Table 1, equation 1). Additional controls
incorporated into the algorithim are described below.

3.4.2.1 No-template control: SYBR Green intercalates within any duplex DNA, including
primer dimers. Therefore, to correct for this background, we incorporate a ‘no-template’
control, which contains all gPCR reaction components except the template. For the analysis,
we determine Ct of the no-template control and then take an average of the replicates, which
we term “Ct no.template”- Next, we obtain ACt values for the DO3c and Ligsc templates by
subtracting the Ct no_template Value from the Ct values of DO3c and Ligsc (Table 1, equation
2).

3.4.2.2 Internal recovery control: It is inevitable that variation in the recovery of samples
between replicates or experiments will exist. An internal recovery control corrects for this
variation, allowing accurate comparison between samples recovered from different cell
types, states or genetic contexts [56]. Here, differences in the recovery of ‘DO’ and ‘Lig’
templates need to be controlled. For this, we measure the presence of a DNA sequence not
affected by digestion and/or ligation in each template. We selected the ARS504 locus that
lacks an internal Taq | site for this purpose.

In our analysis, we first determine the average fold-signal above background for the DO3¢
and Ligsc templates (Table 1, equation 3). Then, we quantify the amount of PCR product
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from the ARS504 locus deduced from interpolation of a standard curve (created using
purified yeast gDNA as template; equation 4). Next, we derive fold-over signal normalized
to the internal control locus (equation 5).

3.4.2.3 No-ligation control: Incorporation of this control in Tagl-3C ensures detection of
a ligation-dependent 3C signal. This signal is calculated as the ratio of fold-over normalized
signals of the Ligsc (digested and ligated chromatin) and DOs¢ templates (equation 6).

3.4.2.4 Digestion efficiency control: As discussed in Section 3.2, restriction site cleavage
efficiency varies according to genomic location, genetic context and gene expression state.
Therefore, for comparison of any two 3C signals, a control accounting for variation in
digestion efficiencies is necessary. To determine percent digestion at each Taq | recognition
site participating in the formation of a novel ligation joint, convergent primers are used.
Such primers, corresponding to sequences on either side of the restriction site, amplify
across the region. We determine the average Ct values for the UND3c and DO3c templates
(termed “Ctr”). Likewise, average Ct values are calculated for the non-cleaved locus,
ARS504 (“Ctarssoa™). These are then incorporated into equation 7 (adapted and modified
from [55]). We then derive ligation-dependent 3C signals corrected for variation in Taq |
digestion efficiencies (equation 8). The normalized ligation-dependent signals for the gDNA
control template are obtained in a similar manner (equation 9).

3.4.2.5 Primer-pair efficiency control: Different primer pairs amplify with different
efficiencies; therefore, a control that corrects for this variation is necessary. For this we
generate a gDNA control template that, in theory, has all possible ligation products in
equimolar amounts [56]. The normalized frequency of interaction between the two tested
loci is then determined by dividing normalized ligation-dependent signals for the 3C sample
by those of the gDNA control (equation 10).

4. Results

4.1 Taq - 3C detects ligation- and crosslink-dependent intragenic interactions within
transcriptionally active genes

We initially tested the ability of Taq 1-3C to detect ligation- and crosslink-dependent
intragenic interactions. As shown in Figure 4A, the method readily identified looping
between the promoter and terminator of a representative, heat shock-activated gene, HSP82
(3C assay, red bar). The frequency of this chromatin contact was >50-fold than that seen in
the non-activated state (blue bar). Importantly, the promoter-terminator contacts within
HSP82were virtually undetectable in identically prepared, but non-crosslinked, chromatin
(10 min HS, striped bar), thus verifying that the 3C signal was crosslink-dependent. We
additionally validated that the primers used to detect gene looping of HSP82 gave rise to a
single, ligation-dependent PCR product, and that its DNA sequence reflected the novel
ligation joint formed between the promoter- and terminator-containing regions of the gene
(Figures 4A and B.3). Our observations for HSP82 are consistent with earlier reports of
ligation- and crosslink-dependent gene looping within constitutively active and other
inducible genes using traditional 3C [2, 44].
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As discussed above, Taq |, being a 4 bp cutter, cuts the genome on average once every 256
bp and its distribution within genes is typically favorable (e.g., see Figures 2A and B.1.A)
[22, 31]. We exploited this to ask whether additional intragenic looping interactions might
be detectable. As shown in Figure 4B, Taq I-3C readily detected contact between the UAS
and coding region of the transcriptionally activated HSP104; no such contact was detectable
in the non-induced state. This intragenic interaction between regulatory and coding
sequences, which we term ‘crumpling’, was detectable in crosslinked but not in non-
crosslinked chromatin. And as above, the 3C signal was ligation-dependent and the
amplicon generated was confirmed by both gel electrophoresis and DNA sequencing
(Figures 4B and 5A). Similar intragenic interactions, importantly including UAS-promoter
contacts, have been detected at a variety of transcriptionally active genes [22, 31] and in
different genetic backgrounds (Figure B.2, panels A-C), further validating the technique.

4.2 Taq |- 3C detects intergenic interactions between chromosomally linked and unlinked

genes

Previous 3C-based analyses in S. cerevisiae (including Hi-C) have provided scant evidence
for interchromosomal interactions between natural, Pol Il-transcribed genes beyond
homologues [57-59]. 7rans-interactions have been reported between Pol IlI-transcribed
tRNA genes [24, 60], although these may be a consequence of the Rabl-like configuration of
yeast chromosomes and the largely pericentric location of these genes [25]. We therefore
asked whether Taq | - 3C could detect trans interactions between natural, Pol 11 transcribed
genes. As shown in Figure 4C, interchromosomal interactions between HSP genes are
readily seen (HSP12-HSP104), as are intrachromosomal interactions (3C assay, rightand
left panel, respectively). These interactions are transcription-dependent (Figure 4C; red
bars); are distinct for one class of genes (they are not detected in genes under regulation of
alternative, heat-responsive transcription factors [31]); and are quite intricate, as they involve
sequences located within flanking regulatory regions as well as within coding regions
(Figures 4C and 5B; [22, 31]). They are also ligation- and crosslink-dependent (Figure 4C)
and seen in unrelated genetic backgrounds (Figure B.2D). DNA sequencing confirmed a
novel intergenic interaction between HSP genes located on separate chromosomes (Figure
5B).

4.3 Taq |- 3C detects dynamic changes in both intra- and intergenic chromatin contacts
during a heat shock time course

The foregoing examples demonstrate that Taq 1-3C can differentiate transcription-associated
changes in the 3D organization of genes. To further explore this idea and to assess the
dynamic range of Taq I-3C, we subjected yeast cells to a heat shock time course during
which the instantaneous rate of HSP gene transcription is dynamic: basally expressed under
NHS conditions, induced within 1 min of thermal upshift (30°-39°C); peaking within 2.5-10
min; and attenuating within 30-60 min [22, 61]. Taq 1-3C analysis of cells subjected to this
treatment reveals a wide range of both intragenic and intergenic interactions occurring over
the time course (Figure 5). We note that the dramatic changes detected in contact frequency
were enabled, in part, by normalizing cleavage efficiency at each Taq | site for each time
point (see Section 3.2 and Figure 2C above). Omission of this key control dramatically
reduced the above-background signal and minimized detection of the dynamic chromatin
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contacts occurring during the transcriptional response to thermal stress (Figures 5A and 5B,
compare 3C analysis performed with and without normalization control [/eftand right,
respectively]).

4.4 Taq |l - 3C is free of restriction fragment length and GC content bias

Finally, we investigated how two parameters, restriction fragment length and GC content of
3C products, contribute to the frequency of detection of 3C products. We did this given
concerns that these properties can introduce bias into genome-wide chromosomal contact
maps [62], including those of S. cerevisiae [24, 63]. To test for possible bias contributed by
DNA fragment length, we compared lengths of interacting and non-interacting fragments
revealed by Taql-3C. As shown in Figure 6A, there is no significant difference in the length
distribution of interacting DNA fragments (both ¢/s- or trans-) versusnon-interacting
fragments. This observation is consistent with a previous point-to-point 3C analysis [51].
Similarly, to test for any possible bias contributed by GC content, we assessed this property
in interacting versus non-interacting fragments. As shown in Figure 6B, there exists no
significant difference in the GC content of either c/s- or trans- interacting fragments when
compared to their non-interacting counterparts. Thus, the two types of bias previously
identified as substantially affecting the generation of genome-wide chromatin contact maps
[62, 63], do not impact Taql-3C analysis, and imply that the fragments we have tested are
uniformly distributed with a GC content in the optimal range (~40%) for qPCR-based
detection.

5. Discussion

Here we have described a 3C technique, Taq 1-3C, that is both crosslink- and ligation-
dependent and possesses sufficient sensitivity to detect features of S. cerevisiae
chromosomal topology heretofore unknown. Its application has unveiled the fact that
transcriptionally active genes engage in multiple intragenic interactions beyond the
previously described gene looping [2, 5]. These include interactions between flanking
regulatory regions and coding sequences, as well as between enhancer (UAS) and promoter
regions (this study; [22, 31]). Both phenomena have been previously observed in metazoans
(e.g., see [32, 36, 64]) but have not, to our knowledge, been seen at natural yeast loci. Even
more significantly, Taq I-3C has revealed that a select subset of transcriptionally induced
genes engages in robust ¢/s- and frans-interactions. Certain of these intergenic interactions
have been validated by fluorescence microscopy [22, 31] which revealed that
interchromosomal interactions could be detected in up to 40% of all cells.

Additionally, Taq I-3C has revealed that the frequency of both intragenic and intergenic HSP
gene interactions strongly correlates with their instantaneous rate of transcription [22], with
concomitant mechanistic implications. We observe virtually identical looping, crumpling
and coalescence interactions at ASPgenes in unrelated strain backgrounds (Figure B.2),
arguing that the observations reported using Taq I-3C are not peculiar to a particular
genotype. While we use HSP genes as a model to illustrate the efficacy of Taq I-3C in this
report, the technique described here should be suitable for all types of chromatin interactions
in budding yeast.
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The importance of two controls in the development and use of Taq 1-3C cannot be
overstated. First, is the availability of chromatin obtained from non-heat-shocked cells that
served as a negative control for the heat shock-induced state. For /SP genes evaluated under
NHS conditions, the signals detected likely represent random collisions since their frequency
decays as a function of distance (1/L) [22], the expected outcome for non-specific contacts.
By contrast, the signals detected at the same loci, but following a stimulus that strongly
induces HSP gene transcription [61], are often >50-fold higher. We interpret these as
representing bona fide long-range chromatin interactions. The second critical control is
normalization of the 3C signal to the cleavage efficiency of each restriction site in
chromatin, isolated from cells under distinct physiological conditions. At the heat-inducible
SSA4and HSPS82 genes, for example, occupancies of Taq | sites within and flanking the
coding region were reduced during the acute phases of heat shock relative to other phases (0
min and 120 min HS) (Figure 2C). These observations, which provide insight into dynamic
protein occupancy under different physiological states, allow a sensitive detection of the
long-range chromatin contacts taking place. When this step was omitted from the 3C
calculation, chromatin contact frequencies were considerably muted (Figure 5, A and B,
right panels). This is as expected, since sites that are dynamically occupied by DNA-binding
proteins cannot be accurately evaluated without this normalization.

There are two additional key features of Taql-3C. First is its high resolution, afforded by use
of a 4 bp cutter, Taq |. Whether use of alternative 4 bp cutters would provide both the
resolution and sensitivity of Taq | is unclear, although in theory they should. Second is its
sensitivity. In the conventional protocol, 3C signal is quantified using linear PCR (amplicon
visualized and quantified on a gel). The substantial increase in sensitivity afforded by gPCR
represents a key facet underlying the sensitivity and dynamic range of quantification of
Taql-3C.

6. Conclusions

The Taql-3C method has led to important new insights into features of yeast chromosome
topology/ 3D nuclear architecture that have heretofore been unappreciated. The technique
offers high resolution, high sensitivity and a dynamic range of quantitation. A key finding
arising from its use, frans-interactions between nonallelic, transcriptionally active yeast
genes, has been observed in unrelated genetic backgrounds and confirmed by live cell
microscopy. Additionally, the strong correlation between frequency of intragenic contacts
with nascent transcription of HSP, ribosomal protein (RPL) and perhaps other genes [22,
31,61], suggests that Taq 1-3C can be a useful tool for revealing functional association
between 3D topology and gene transcription. The detailed, step-by-step procedure provided
here, along with accompanying equations used to calculate chromatin contact frequencies,
should permit successful application of the technique to any organism in which crosslinked
chromatin can be readily isolated.
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7. Step-by-step protocol

7.1 Preparing Tagl-3C templates
7.1.1 Cell culture

1.

Inoculate a 10 ml seed culture of S. cerevisiae in an appropriate growth medium.
Incubate the culture overnight on a rotating or shaking platform at 30°C.

Inoculate 50 ml of fresh growth medium with the overnight culture to an Aggg
equivalent of 0.15. Allow cells to grow to a mid-log density (Aggo =0.65-0.8)
with continuous shaking at 30°C.

Note: When comparing strains in the presence or absence of drug treatments,
such as Anchor-Away strains in +/-rapamycin conditions, one must start the
treatment at a cell density lower than 0.8. This way cell densities of treated and
non-treated strains will be roughly similar at the time of harvesting.

7.1.2 Crosslinking of cells

3.

10.

Add 1.4 ml of 37% formaldehyde (final concentration = 1%) to the 50 ml
culture. Mix thoroughly with continuous shaking for 15 min at 30°C.

Note: If crosslinking is performed at temperatures other than 30°C, appropriate
controls must be incorporated to account for any temperature-dependent
variation [22].

To this, add 5.4 ml of 1.25 M glycine (final concentration = 135 mM) for
quenching excess formaldehyde. Mix thoroughly with continuous shaking for 5
min at 30°C, then place the flask on ice.

Transfer the cells to a 50 ml tube, and centrifuge at 3000 g for 10 min at 4°C.

Discard the supernatant and wash the pellet once with 10 ml of ice-cold TBS
containing 1% Triton X-100.

Resuspend the pellet in 1 ml of ice-cold TBS containing 1% Triton X-100 and
transfer the cell suspension to a microfuge tube.

Pellet cells by centrifugation at 10,000 g for 10 min at 4°C. Discard the
supernatant.

Resuspend the pellet in 500 pl of FA lysis buffer by pipetting up and down. Do
not vortex. Add PMSF to the FA lysis buffer just before use. For buffer recipes
and reagents, see Appendix A.

Store cells in =80°C or proceed to step 11.

7.1.3 Cell lysis and isolation of crosslinked chromatin

11.

12.

Thaw cells on ice. To a 500 pl cell suspension, add an equal volume of glass
beads (acid washed). Use ice-cold beads to prevent damage to the chromatin.

Vortex mix (2300 rpm) for two cycles (20 min each) at 4°C, with an intermittent
ice break of 10 min.
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14,

15.

16.

17.

7.1.4

18.

19.

20.
21.

22.

7.15

23.

Page 12

Flip the tube upside down and pierce its bottom using a 23 G needle. Now place
the tube on top of another microfuge tube. Centrifuge the nested tubes at 3000 g
for 10 min at 4°C.

Discard the tube containing glass beads. Resuspend the loose pellet by pipet
mixing and centrifuge again at 13,000 g for 10 min at 4°C.

Discard the supernatant and resuspend the pellet in 1 ml FA lysis buffer.
Centrifuge again at 13,000 g for 10 min at 4°C.

Discard the supernatant and resuspend the pellet in 500 pl of 10 mM Tris-Cl (pH
7.5).

Distribute the chromatin suspension into ten microfuge tubes (50 pl each). Label
four tubes as DOsc, four as Ligsc and the remaining two as UNDsc. Store the
aliquots in —80°C or proceed to step 18.

Restriction digestion of crosslinked chromatin

Thaw eight tubes labeled as DO3¢ and Ligsc on ice. To each tube containing 50
ul of crosslinked chromatin suspension, add 10 pl of 10X Cutsmart buffer and 30
pl of ddH,0. Mix carefully by pipetting up and down. Then add 10 pl of Taq |
restriction enzyme (20 U/ ul), pipet mix, and incubate the reaction mix at 60°C
for 7h. Flip tubes intermittently.

For inactivation of Taq I, add 10 pl of 10% SDS to each of the eight tubes and
incubate at 80°C for 20 min.

To each tube, add 565 pl of ddH,0 and 75 pl of 10% Triton X-100.

Centrifuge tubes at 13,000 g for 20 min at room temperature. Discard the
supernatant and resuspend pellets in 100 pl of 10 mM Tris-CI (pH 7.5).

While it is important to remove the supernatant at this step, presumably because
it has components that can interfere with ligation, we note that this fraction,
which contains short chromatin fragments, may be impoverished in
transcription-factor bound chromatin. Notably, Micro-C analysis, a 3C-based
technique that uses micrococcal nuclease in lieu of a restriction enzyme, failed
to detect gene looping interactions in the supernatant yet such interactions were
present in the pellet [26, 65].

Proceed to step 23 with four Ligsc tubes. To four DO3c tubes, add 600 pl of
ddH,0 and proceed to step 24. Thaw two UND3c tubes on ice, add 650 pl of
ddH,0 and proceed to step 24.

Intra-molecular ligation of crosslinked chromatin

To each of the four Ligsc tubes containing 100 pl of digested chromatin, add
350 pl of the Quick ligase buffer, 245 ul of ddH,0 and 5 pl of the Quick T4
DNA ligase enzyme (10,000 cohesive end units). Mix the tubes by gently
pipetting up and down and incubate at 25°C for 2 h.
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Note: We dilute the digested chromatin seven-fold before incubating with Quick
T4 DNA ligase. This step is crucial as dilution will minimize inter-molecular
contacts.

7.1.6 RNA removal, reversal of crosslinks and DNA purification

24,

25.

26.

217.

28.

29.

30.

To each of the four Ligsc tubes, add 2 pl of 10 mg/ml DNase free RNase (Sigma
Aldrich; 30 ng/ul) and incubate at 37°C for 20 min. And, do likewise for DO3¢
and UNDg3c.

To each of the ten tubes, add 7 pl of 10% SDS (final concentration = 0.1%) and
5 ul of 10 mg/ml Proteinase K (Sigma Aldrich; 70 ng/ul). Flip the tubes a few
times and incubate overnight (12-14 h) at 65°C.

To each tube, add an equal volume (700 ul) of the Phenol: Chloroform: Isoamyl
alcohol (25:24:1; pH 8.0). Vortex tubes for 1-2 min, and centrifuge at 10,000 g
for 10 min at room temperature.

Collect the aqueous phase and repeat step 26. Do not discard the lower phase
yet.

To the aqueous phase, add Chloroform: Isoamy! alcohol (24:1) for removal of
residual phenol. Vortex mix for 1-2 min and centrifuge at 10,000 g for 10 min at
room temperature.

Note: Even after three rounds of organic extraction, there is DNA that is trapped
within the crosslinked complexes. Therefore, we do an additional round of back-
extraction.

Pool aqueous phases for UND3c, DO3c or Ligsc into three separate tubes (15
ml each), and to each tube add, 1/10™" volume of 3 M sodium acetate (pH 5.2)
and 2 pl of glycogen (20 mg/ml). Mix well and add 2.5 volumes of ethanol. Mix
gently by inverting tubes a few times and incubate for 30 min at room
temperature.

Centrifuge at 13,000 g for 20 min. Carefully aspirate the supernatant and remove
any residual supernatant using a pipette. Air dry the pellet; do not over-dry it.
Now dissolve the pellets from DO3¢ or Ligsc tubes in 450 ul TE (pH 8.0) and
UND3c in 225 pl. The samples can be stored in —20°C for several months.

7.1.7 gPCR detection

31.

32.

Thaw samples on ice. Prepare gPCR reaction master mix as below: 10 pl of 2X
Power SYBR Green Master Mix + 0.5 pl Tandem Primer 1 + 0.5 pl Tandem
Primer 2 + 7 ul ddH,0.

To each well, add 18 pl of gPCR master mix and 2 pl of the 3C DNA template.

Note: Ideally, all 3C reactions should be prepared with the same gPCR master
mix, but this may not be possible where multiple interactions are to be tested.
However, we recommend running 3C and gDNA control templates on the same
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plate to minimize experimental variation. A minimum of two biological
replicates and two technical replicates are recommended.

33. Run the gPCR program for 40 cycles using standard cycling parameters. We use
the standard settings on Applied Biosystems 7900HT. Use a compatible
platform, if no access is available to this instrument.

Note: Add dissociation curve analysis step at the end of the qPCR run.
34.  Quantify interaction frequencies as described in section 3.4 above.

We note that many steps in Taq I-3C are common to the previously published yeast 3C
protocol [40], including steps involved in generation of the genomic DNA control template.

Note: See Appendix A for buffer recipes and a troubleshooting guide.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Taq I-3C incorporates a novel normalization step to account for cleavage
efficiency

Uses real-time gPCR to quantify interaction frequencies
Permits comparison of chromatin contacts in different physiological contexts
Has sufficient resolution to capture UAS-promoter interactions

Has led to the identification of evanescent intragenic and intergenic contacts
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Culturing S. cerevisiae cells Crosslinking chromatin Isolation of crosslinked Digestion of crosslinked
chromatin chromatin

Normalized reporter
dye fluorescence (Rn)
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Confirmation of amplicon size and purification digested chromatin

sequence

Figure 1. Technical workflow of chromosome conformation capture (3C)
S. cerevisiae cells are grown to mid-log density. (1) Whole cells are fixed in the presence of

formaldehyde. This step of chemical crosslinking preserves native protein-protein and
protein-DNA interactions inside the cell (proteins, green and cyan spheres;, DNA, dark blue
lines). (2) Cells are lysed, and the crosslinked chromatin is extracted (enzyme recognition
sites, red triangles, primers abutting restriction sites, grey arrows numbered 1-4). (3) The
chromatin is digested using a restriction enzyme of choice (restriction digestion, red capping
of blue lines). (4) The digested ends are ligated in dilute conditions (proximity ligation
event, green dotted ling). (5) The crosslinks are reversed, and the cut and ligated (3C) DNA
is purified. (6) The abundance of novel ligation joints is quantified by PCR-based methods.
In addition, the size and sequence of the amplicon is confirmed. C;, cycle threshold.
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Figure 2. Distribution of restriction sites at a representative Pol Il gene and cleavage efficiency
under different crosslinking and physiological conditions

A) EcoR | and Taq I restriction maps of SSA4. Depicted is the genomic locus encompassing
the SSA4 open reading frame (ORF; dashed rectangle) and varying lengths of flanking
sequence. Coordinates correspond to the location of restriction sites (vertical colored lines)
and are numbered relative to the ATG initiation codon (+1); transcription start site (TSS) and
termination site (Ter) are indicated. 7op: distribution of EcoR I (6-bp cutter) recognition
sites. Bottom:. Taq | (4-bp cutter) distribution. UAS, 5’-end/Promoter, Mid-ORF and 3’-end/
Terminator regions are color-coded as indicated. For additional examples, see Figure B.1A.
B) Percent digestion of representative Taq | sites within SSA4 using templates isolated from
non-heat-shocked (NHS) cells that were crosslinked (or not) prior to restriction digestion.
Depicted are means + SD; N=2, gPCR=4.

C) As above, except percent digestion of Taq | sites within SSA4 and HSP82is shown for
crosslinked templates isolated from NHS cells or cells subjected to heat shock (HS) for the
times indicated.
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Figure 3. Tandem primers conclusively reflect crosslink-dependent proximity ligation
Depicted are ligation events captured by convergent, divergent and tandem primers. A

mono-molecular crosslinked complex is shown encompassing a set of proteins (shown as
yellow oval and orange sphere) bound to a stretch of chromatin (blue line). Restriction sites
are indicated by red triangles numbered 1 to 4. Primers abutting each restriction site are
shown in forward and reverse orientations (solid and dotted black arrows, respectively); a
map is shown on the right. Ligation events are indicated with green-dotted lines. PCR
products from tandem primers are definitive of crosslink-dependent proximity ligation, as
illustrated for sites 2 and 4 after their cleavage and ligation (right), whereas divergent and
convergent primers yield products even in the absence of crosslinking (left and middle). In
addition, the unidirectional primer design prevents the amplification of spurious ligation
products, such as those resulting from self-ligation of digested fragments (left) detected by
divergent primers. Also, convergent primers can yield PCR products under conditions of
incomplete digestion (middle).
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Figure 4. Taq 1-3C detects ligation- and crosslink-dependent cis- and trans-interactions between
genomic loci

A) Left. Frequency of looping interactions detected between the indicated 5’ and 3’ regions
of HSPS82 (coordinates numbered relative to the ATG codon, +1). Chromatin was isolated
from NHS and 10 min HS haploid cells (strain BY4741) as indicated, crosslinked (or not)
prior to Taq I digestion and T4 DNA ligase treatment. Shown are means + SD; N=2,
gPCR=4. ** P<0.01 (calculated by one-way ANOVA followed by post-hoc Tukey analysis).
Right. Gel image of amplicon generated using primers corresponding to the 5’- and 3’-end
of HSP82 Template was purified from crosslinked chromatin isolated from 10 min HS cells,
digested with Taq | and then subject to proximity ligation (or not) by T4 DNA ligase (+L or
-L, respectively). Expected size of amplicon: 276 bp.

B) Left. As above, except frequency of an intragenic interaction between the UAS and mid-
coding regions of HSP104is shown (means + SD; N=2, qPCR=4. **,  P<0.01). Right. Gel
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image of amplicon arising from this primer combination and template purified from Taq I-
digested chromatin that was subsequently ligated or not (+L or —L, respectively; expected
size: 151 bp).

C) Left and Middle. As above, except interactions were detected between genes lying on the
same or different chromosomes. Left. cis interactions between chromosomally linked genes
in the presence or absence of crosslinking. Middle: trans interactions between the indicated
regions of chromosomally unlinked genes in the presence or absence of crosslinking. Shown
are means + SD; N=2, qPCR=4. **, P<0.01. Right. Gel image of the amplicons arising from
the indicated primer combinations in the presence or absence of ligation.
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Figure 5. Taq 1-3C detects rapid and reversible interactions between genomic loci in cells

subjected to heat shock

A) Left Kinetics of intragenic chromatin contacts within a representative heat shock-
responsive gene, HSP104, in cells subjected to a heat shock time course. The mid-ORF
anchor of HSP104 (+1550; arrow) was paired to the indicated loci upstream, within or
downstream of the gene (HSP104 coding region spanned by green rectangle). Normalized
3C interaction frequencies were determined either prior to (NHS) or following HS for the
times indicated. DNA sequence confirmation of a representative amplicon is shown below
(20 min HS sample; primer paired with anchor is indicated by blue globe). Right. Same,
except normalization to digestion efficiency was omitted from the 3C calculation. Data were
plotted at same scale as on the left. /nset. Y-scale magnified 5X. R.E.D., restriction enzyme
digestion. Shown are means + SD. N=2; gPCR=4 for each primer combination.

B) Left. As above, except kinetics of interchromosomal chromatin contacts between two
heat shock-responsive genes, HSP82and SSA4, as revealed by Taq I-3C, are depicted. DNA
sequence confirmation of a representative amplicon is shown below (10 min HS sample).
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Right. Same, except normalization to digestion efficiency was omitted from the 3C
calculation. Data were plotted at same scale as on the left. /nset: Y-scale magnified 3X.
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Figure 6. Analysis of potential bias in Taq | - 3C introduced by either restriction fragment length
or restriction fragment GC content

A) Test of Restriction Fragment Length Bias. Scatter plot illustrating the length distribution
of Taq | fragments tested for ¢/s- and tfrans-interactions as indicated. Depicted are means +
SD, n.s. (not significant), 2>0.05 (calculated using unpaired #test).

B) Test of GC Content Bias. Bar graph illustrating GC content of interacting and non-
interacting Taq | restriction fragments tested as above. Depicted are means + SD. N=18
(cis-interacting), 14 (frans-interacting), 10 (¢/s-non-interacting) and 17 (frans-non-

interacting). n.s., £>0.05 (calculated as above).
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Table 1.

Step-by-Step Quantification of Taq I-3C

Description

Terms and Equations

a. Avg. Ct for DO3c template = Ctpoge

1. Average cycle threshold (Ct) b. Avg.Ct for Ligsctemplate = Cti g5
Net Ct values _
2 This control corrects for a. ACtpogc = Ctpoge — Cino template
. gqckgmund noise due to primer b. ACtjgsc — Cliigger = Clio template
limers.
3 Average fold signal above a. Avg. fold signal for DO template = “ACtbo3c
" | background b. Avg. fold signal for Ligsc template =2 “ACtLigsc
4 Amount of PCR product from a. ARS504 (in ng) for DO3c template = ARS‘5L74DO3C
' ARS504 locus b. ARS504 (in ng) for Ligsc template = ARS5504, iy,
—ACt
:;(;Lc:;](;ﬁroﬂgg?l|5023£malIzed to a. Fold over normalized signal for DO3Ctemplate =2 3C / ARSSO4DO3C
5. This control corrects for the _ACt
variation in recovery of . ) ) Lig 3C
templates. b. Fold over normalized signal for Lig,template = 2 / ARS504 g
3C
o - _ACtLigSC —ACtDO3C
6. Ligation-dependent 3C signal 2 /ARS504 ) )/ 2 /ARSSO4 )
ng3C DO3C
% Digestion of site 1 or 2 = 100 100
7 | % digestion of each participating o Digestion of site 1 or2 = - [Ct — Ct )DO Lt )UND
Taq I site 2 R ARS504 R ARS504
Ligation-dependent 3C signals —ACt; . —ACt
corrected for variation in Tag | Ligc / ARS504, . /12 DO3c / ARS504
8. | digestion efficiencies Lig DO
: L 3C 3C
This control corrects for variation
in Taq I digestion efficiencies. [(Digestion site 1) X (Digestion site 2)]
Ligation-dependent signal
corrected for variation in Taq | — ACtLig —ACtDO
digestion efficiencies for the DNA DNA
9. ggNA template e £ / ARS504Lig )/ @ £ / ARSS 04D0 )]
Note: In our hands, digestion of _"gDNA _ gDNA
gDNA is almost always close to [(Digestion site 1) X (Digestion site 2)]
100%.
—ACtLig3C —ACtDO3C
Normalized frequency of 2 / ARS: 504Lig /|2 / ARS504DO
: h 3C 3C
interaction
10 The control corrects for variation [(Digestion site 1) X (Digestion site 2)]
| inprimer pair efficiencies as well ZACL . ZACt
as the inherent tendency of any Ligspna DOypNA
two DNA ends to be ligated (@ / ARS504y 5, )/ @2 / ARS504py )
gDNA gDNA

[(Digestion site 1) X (Digestion site 2)]
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