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Although enhancers are central to the regulation of mammalian gene expression, the mechanisms 
underlying Enhancer-Promoter (E-P) interactions remain unclear. Chromosome conformation capture 
(3C) methods effectively capture large-scale 3D genome structure but struggle to achieve the depth 
necessary to resolve fine-scale E-P interactions. Here, we develop Region Capture Micro-C (RCMC) by 
combining MNase-based 3C with a tiling region-capture approach and generate the deepest 3D 
genome maps reported thus far with only modest sequencing. By applying RCMC in mouse embryonic 
stem cells and reaching the genome-wide equivalent of ~200 billion unique contacts, RCMC reveals 
previously unresolvable patterns of highly nested and focal 3D interactions, which we term 
microcompartments. Microcompartments frequently connect enhancers and promoters and are largely 
robust to loss of loop extrusion and inhibition of transcription. We therefore propose that many E-P 
interactions form through a compartmentalization mechanism, which may explain why acute cohesin 
depletion only modestly affects global gene expression. 
 

INTRODUCTION 
3D genome structure regulates vital cellular 

processes including gene expression, DNA repair, genome 
integrity, DNA replication, and somatic recombination1,2. 
Many insights into 3D genome structure have come from 
Chromosome Conformation Capture (3C) assays, which 
have revealed structural hallmarks across at least three 
scales. First, active and inactive chromatin segregate into 
A- and B-compartments through a poorly understood 
compartmentalization mechanism3,4. Second, the genome is 
folded into loops and local domains called Topologically 
Associating Domains (TADs) or loop domains5–8 by loop-
extruding cohesin complexes halted at CTCF boundaries9,10. 
Third, while A/B-compartments and TADs generally span 
hundreds to thousands of kilobases, recent work has hinted 
at finer scale 3D chromatin interactions including between 
enhancers and promoters11–17. Because enhancers are the 
primary units of gene expression control in mammals, there 
has been intense interest in resolving fine-scale enhancer-
promoter (E-P) interactions. However, it has remained 
challenging to resolve fine-scale E-P interactions with 
current methods8,18. This motivated us to develop a new 3C 
method that effectively captures E-P interactions. 

Advances in our understanding of 3D genome 
structure have been primarily driven by: (1) deeper 
sequencing; (2) improved 3C protocols; and (3) 
perturbation studies. First, A/B-compartments, TADs, and 
loops were uncovered as deeper sequencing increased the 

number of captured unique contacts in 3C experiments from 
~8 million3 to ~450 million5 to ~5 billion7, respectively. 
Second, in overcoming the resolution limits imposed by Hi-
C’s dependence on restriction enzymes, Micro-C achieved 
nucleosome-scale resolution by digesting chromatin with 
micrococcal nuclease (MNase); this allows Micro-C to 
better resolve finer-scale regulatory interactions including 
between enhancers and promoters8,11–13,15,19,20. Third, 
perturbation studies have yielded profound mechanistic 
insights into 3D genome structure. For example, protein-
depletion studies were pivotal in elucidating the roles of 
CTCF, cohesin, and associated factors in the formation of 
TADs and loops12,21–27. 

Nevertheless, despite decreasing sequencing costs, 
sequencing remains the key bottleneck for 3C assays. For a 
genome with n bins, sequencing costs to populate an n2 
pairwise contact matrix grow quadratically with n. For 
example, we estimate approximately $1.6 billion in 
sequencing costs alone to average one read per nucleosome-
sized bin across the human genome (a total of (3.3x109 
bp/150 bp)2/2 = 2.4x1014 reads). To overcome the 
prohibitive cost of sequencing inherent to current methods 
and facilitate the study of fine-scale 3D genome structure 
and enhancer-promoter interactions, we therefore sought to 
develop a 3C method that (1) strongly increases effective 
sequencing depth, (2) incorporates the latest advances in 
3C-derived protocols, and (3) is cost-effective for 
perturbation experiments.  
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Here, we address these three points by combining 
Micro-C with a tiling region capture approach28,29 to enrich 
for entire regions of interest in a new method we call 
Region Capture Micro-C (RCMC). We use RCMC to 
generate the deepest maps of 3D genome organization 
reported so far, achieving nucleosome resolution with a 
fraction of the sequencing. By reaching the local equivalent 
of ~200 billion unique contacts genome-wide, we discover 
patterns of previously unseen, fine-scale, focal, and highly 
nested 3D interactions in gene-dense loci that we call 
microcompartments. Microcompartments frequently 
connect enhancers and promoters, and require neither loop 
extrusion nor transcription. Taken together, our results 
suggest that interactions between enhancers and promoters, 
now highly resolved by RCMC, may be driven by 
compartmentalization mechanisms rather than loop 
extrusion.   

RESULTS 
Region Capture Micro-C (RCMC): Development, 
validation, and benchmarking 

To develop Region Capture Micro-C (RCMC), we 
optimized the regular Micro-C protocol11,13,15 to maximize 
library complexity and combined it with a tiling region 
capture approach28,29 (Fig. 1a). Briefly, mouse embryonic 
stem cells (mESCs) were crosslinked with disuccinimidyl 
glutarate (DSG) and formaldehyde (FA) and digested to 
nucleosomes with MNase (Fig. S1a-b), after which 
fragment ends were repaired with biotin-labeled nucleotides 
and then proximity ligated. After protein removal and 
reversal of crosslinks, we size-selected and pulled down 
ligated dinucleosomal fragments, and prepared a Micro-C 
sequencing library. Avoiding repetitive regions, we 
designed 80-mer biotinylated oligos tiling 5 regions of 
interest, each spanning between 425 kb and 1,900 kb (Fig. 
S1c), and pulled-down the tiled regions of interest with 35-

49% efficiency in a single step (Fig. S1d). After paired-end 
sequencing and normalization30 (Fig. S1e), we obtained 
contact maps (Fig. 1a). To validate our RCMC contact 
maps, we compared them to high-resolution Hi-C31 and 
Micro-C13 for the same regions. Our RCMC data matched 
both Hi-C31 and Micro-C13 data at 2-kb resolution (Fig. 
S1f), was reproducible (Fig. S1g), and gave the expected 
contact frequency scaling (Fig. S2a). Thus, RCMC captures 
all information in target regions obtained in prior multi-
billion contact studies13,31. 

Having validated RCMC, we next benchmarked it 
against other 3C datasets. Despite capturing ~2.6-3.3 billion 
unique contacts, the deepest Hi-C31 and Micro-C13 datasets 
in mESCs gave sparse contact maps (Fig. 1b). In contrast, 
since RCMC focuses its sequencing reads in only regions of 
interest, almost all interaction bins showed at least one 
interaction for our most deeply sequenced region (Klf1 Fig. 
1b; Fig. S2b). Indeed, with relatively modest sequencing 
(Fig. S2c) we captured the genome-wide equivalent of ~200 
billion unique contacts at the Klf1 region.  

To visualize the improvements afforded by RCMC, 
we plotted contact maps comparing RCMC to Hi-C31 and 
Micro-C13 at our 5 captured regions (Fig. S3-4). While A/B-
compartments, TADs, and CTCF and cohesin-mediated 
structural loops are well-resolved in prior high-resolution 
Hi-C31 and Micro-C13 studies, resolving enhancer-promoter 
(E-P) interactions has proven more challenging8,18. To test 
the ability of RCMC to resolve E-P interactions, we 
captured a region around Sox2 (Fig. 2a). Sox2 encodes a 
key pluripotency transcription factor, whose expression in 
mESCs is controlled by a well-characterized ~100 kb distal 
enhancer (Sox2 Control Region (SCR))32–34. While long-
range Sox2-SCR interactions are visible in Hi-C and Micro-
C, RCMC resolved the fine-scale substructure of the Sox2-
SCR interactions: rather than one broad loop, Sox2 forms 
multiple individual focal interactions with subelements of 

 
Figure 1. Region Capture Micro-C captures chromosome conformation at nucleosome resolution. (a) Overview of the Region 
Capture Micro-C (RCMC) protocol. Cells are chemically fixed, nuclei are digested with micrococcal nuclease (MNase), and fragments are 
biotinylated, proximity ligated, dinucleosomes gel extracted and purified, library prepped, PCR amplified, and region-enriched to create a sequencing 
library. After sequencing, mapping, and normalization, the data is visualized as a contact matrix. (b) Benchmarking comparison of RCMC against 
the highest resolution Tiled-Micro-Capture-C (TMCC)17, Micro-C13, and Hi-C31 mESC datasets. Region-averaged calculations are shown for RCMC, 
TMCC, Micro-C, and Hi-C, and calculations for individual captured regions are also shown for RCMC and TMCC. The x-axis shows the fraction of all 
reads that 1) uniquely map to the target region (both read mates fall within the Captured region) and 2) are structurally informative (cis contacts >=1 
kb). The y-axis shows the fraction of all contact bins that contain at least one read using 100 bp bins 10 kb from the diagonal. 
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the SCR marked by Mediator binding and ATAC peaks 
(Fig. 2a). Furthermore, RCMC also revealed novel long-
range interactions between a ~600-700 kb distal region and 
Sox2 and the SCR as well as strong compartmental 
exclusion of a ~550 kb intervening region (Fig. S4a). Next, 
we focused on a ~300 kb segment of our most deeply 
sequenced region, the region around Klf1 (Fig. 2b). 
Notably, RCMC revealed patterns of highly focal and 
nested interactions in the Klf1 region which are not visible 
in genome-wide Hi-C or Micro-C data (Fig. 2b). We name 
these interactions microcompartments (see Discussion for 
rationale and definition). We conclude that for specific 
regions, RCMC outperforms genome-wide Hi-C and Micro-
C at a fraction of the cost.  

Finally, while our studies were ongoing, the related 

methods Micro-Capture-C (MCC)16 and Tiled-Micro-
Capture-C (TMCC)17 were reported. Unlike RCMC, 
(T)MCC uses only formaldehyde for fixation35, skips the 
pull-down of ligation products and the gel purification of 
dinucleosomes (Fig. 1a), and instead uses sonication to 
generate small fragments containing both ligated and 
unligated DNA. This allows (T)MCC to precisely sequence 
the ligation junction, which for RCMC would otherwise 
require longer-read sequencing. Thus, this affords (T)MCC 
base-pair resolution when capturing the interactions 
between regulatory elements16,17. However, by not enriching 
for the informative ligation products, (T)MCC mainly 
captures unligated DNA fragments, resulting in most 
sequencing reads being uninformative (Fig. 1b). Indeed, 
even with similar total sequencing reads, RCMC captured 

 
Figure 2. RCMC generates deep contact maps, reveals new aspects of 3D genome structure, and outperforms other 3C 
methods. (a-b) Contact map comparison of RCMC against the deepest available mESC Hi-C (top; Bonev 201731) and Micro-C (middle; Hsieh 
202013) datasets at the (a) Sox2 and (b) Klf1 regions at 500 bp resolution. Gene annotations and ATAC, ChIP, and RNA-seq (see Supplementary 
Table 1) signal tracks are shown below the contact maps, while the contact intensity scale is shown to the right. The RCMC data shown throughout 
this manuscript were pooled from 3 replicates in wild-type mESCs. (c) Contact map comparison of RCMC against Tiled-Micro-Capture-C (TMCC)17 at 
the Nanog locus at 250 bp resolution. Full datasets are visualized in the top contact map, and TMCC has been downsampled to match the total 
number of RCMC sequencing reads in view in the bottom contact map. 
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~134 million unique >1 kb cis contacts in the target regions 
compared to just ~9-13 million for TMCC, underscoring the 
more than one order of magnitude higher efficiency of 
RCMC (Fig. S2c). To directly compare RCMC to TMCC, 
we designed probes against the same Nanog region used in 
TMCC17. Due to the less efficient nature of TMCC, even 
with almost 10-fold higher sequencing at the Nanog region, 
TMCC maps were noisier than RCMC, which became even 
more evident when we subsampled TMCC to match RCMC 
(Fig. 2c; Fig. S4b). In summary, we conclude that RCMC 
is more efficient for general 3D genome structure mapping 
of a region, while (T)MCC may be applied when it is 
necessary to resolve ligation junctions with base-pair 
resolution.  
 
RCMC reveals highly nested and focal interactions 
between enhancers and promoters in gene-rich 
regions 

RCMC data revealed highly nested and focal 

interactions in both the Klf1 and Ppm1g regions which were 
not visible in multi-billion contact genome-wide Hi-C31 and 
Micro-C13 (Fig. 2b, 3a-b, Fig. S5a-b). We applied existing 
loop36,37 and compartment calling algorithms37,38 to identify 
these interactions, but they did not reliably detect them 
(Fig. S5c). We therefore manually identified 132 anchors 
forming a total of 1093 focal interactions in the gene-rich 
Klf1 and Ppm1g regions (Fig. 3a-b; Fig. S5d). 
Furthermore, we validated that these interactions were not 
due to incomplete contact map normalization30 (Fig. S6a) 
nor an artifact of increased accessibility at the anchors (only 
about half of all ATAC peaks result in “dots” and not all 
“dots” are anchored by ATAC peaks; Fig. S6b-d).  

Next, we observed that these interactions resemble 
both loops and compartments. Like loops, they give rise to 
focal enrichments (“dots” in Fig. 3a-b) between two 
anchors and occasionally form contact domains as small as 
a few kilobases (“squares” in Fig. 3a-b). Like A/B-
compartments, they result in nested interactions in a 

 
Figure 3. RCMC identifies highly nested, focal interactions called microcompartments which frequently connect enhancers 
and promoters. (a-b) Contact map visualization of RCMC data and called microcompartments at the Klf1 (a) and Ppm1g (b) locus at 500 bp (a) and 
1 kb (b) resolution (left) and 250 bp resolution (zoom in, right). Manually annotated microcompartment contacts are shown below the contact map 
diagonal on the left, while comparisons against genome-wide Micro-C13 (a) and Hi-C31 (b) are shown on the right. (c-d) Histograms showing 
distributions of (c) the number of focal interactions formed by microcompartment anchors and (d) the lengths spanned by focal interactions in kb. (e) 
Venn diagram of microcompartment anchor categories according to chromatin features overlapped by the enhancer ±1 kb. Promoters were defined as 
a region around annotated transcription start sites50 ±2 kb, enhancers as regions with overlapping peaks of in H3K4me1 (ENCFF282RLA) and 
H3K27ac (GSE90893) in ChIP-seq data which did not overlap promoters, and CTCF/cohesin as regions with overlapping peaks of CTCF (GSE90994) 
and SMC1A (GSE123636) in ChIP-seq data. Other regions are those not overlapping any of these features. (f) Swarm plot of the number of focal 
interactions formed by individual microcompartment anchors divided according to categories in (e), including the mean (µ) for each distribution. Anchors 
fitting into more than one category were excluded. (g) Fractions of loops classified into different categories: P-P (promoter-promoter), E-P (enhancer-
promoter), CTCF-CTCF (CTCF/cohesin-CTCF/cohesin), other (Other-Other interactions, or any other combinations). CTCF-CTCF interactions do not 
include any anchors which overlap promoter or enhancer regions. 
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checkerboard-like fashion, with a mean of ~17 interactions 
per anchor (mean loop length: ~240 kb), and the most 
nested anchor forming more than 50 focal interactions (Fig. 
3c-d). Because these highly nested and focal interactions 
(“dots”) resemble fine-scale compartmental interactions 
(see Discussion), we refer to them as microcompartments. 

To understand which genomic elements form 
microcompartments, we investigated the chromatin states of 
microcompartment anchors (Fig. 3c; Fig. S7). About two-

thirds of the identified microcompartment anchors 
overlapped either promoter (~46%) or enhancer (~21%) 
features (Fig. 3e, Fig. S7), with the remaining anchors 
either corresponding to CTCF and cohesin-bound anchors 
or unknowns (“Other”). Notably, however, promoters and 
enhancers formed many more focal interactions (Fig. 3f). 
Specifically, promoters and enhancers formed a mean of 24 
and 18 interactions, respectively, compared to just 5.5 and 
7.5 for CTCF and cohesin, and “other” anchors, 

 
Figure 4. Microcompartments are largely robust to loss of loop extrusion and inhibition of transcription. (a) Cohesin (RAD21) 
depletion does not generally perturb microcompartments. Left: treatment paradigm for rapid depletion of RAD21 upon IAA treatment in clone F1M 
RAD21-mAID-BFP-V5 mESCs12,39. Right: Contact maps comparing a DMSO-treated control (above) and RAD21-depleted samples (below) are 
shown for the Klf1 locus at 500 and 250 bp resolution and for the Ppm1g locus at 1 kb and 250 bp resolution. (b) Inhibition of transcription initiation 
with triptolide does not generally perturb microcompartments. Left: treatment paradigm for inhibition of transcription upon triptolide treatment in WT 
mESCs. Right: Contact maps comparing WT control (above) and transcriptionally-inhibited samples (below) are shown for the Klf1 locus at 500 and 
250 bp resolution and for the Ppm1g locus at 1 kb and 250 bp resolution. (c-d) Aggregate peak analysis matrix of called microcompartmental 
contacts showing loops across (c) RAD21 depletion and (d) transcriptional inhibition compared to their respective controls, separated by the identity 
of each contact’s constituent anchors. Plots show a 20 kb window centered on the loop at 250 bp resolution. Background-normalized intensity for a 
1250x1250 bp box around the central dot for each aggregate peak is shown in the upper right of each plot. (e) Proposed model for the formation of 
microcompartments. Coalescence of multiple promoters and enhancer elements in a gene-dense region may occur through microphase separation 
as expected for an A/B block copolymer4,44,45, with strong A-A interactions. A/B block copolymer microphase separation is independent of loop 
extrusion. Block copolymer microphase separation may result in multiway interactions in different combinations of interactions being present in 
different cells, giving rise to the highly nested, focal interactions observed by RCMC, which averages across a population. 
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Coalescence of enhancers and promoters into micro-
compartments leads to highly nested focal interactions
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respectively (Fig. 3f). Indeed, 74% of all annotated 
microcompartments represented either P-P or E-P 
interactions, while only 5% of interactions were between 
anchors which exclusively overlapped CTCF and cohesin 
(Fig. 3g). Taken together, these observations suggest that 
microcompartments largely represent nested interactions 
between promoter and enhancer regions as well as some 
currently poorly understood “other” regions. 

 

Microcompartment interactions are largely 
independent of cohesin and transcription  

Having identified microcompartments as nested 
interactions frequently linking enhancers and promoters 
(Fig. 3a-b), we next took advantage of the cost-effective 
nature of RCMC to test the roles of loop extrusion and 
transcription in forming these interactions.  

First, we explored the role of cohesin and cohesin-
mediated loop extrusion. Acute loss of cohesin strengthens 
large-scale A/B compartments while at the same time 
causing the global loss of TADs, loop domains, and CTCF 
and cohesin-mediated structural loops12,21,24,25,27,39. 
Therefore, to understand whether cohesin is required for or 
antagonizes microcompartments, we used our previously 
validated mESC cell line to acutely deplete cohesin subunit 
RAD21 (mESC clone F1M RAD21-mAID-BFP-V5)12,39 
and performed RCMC across all 5 regions with and without 
3 hours of cohesin depletion (Fig. 4a; Fig. S8a). Cohesin 
depletion diminished the well-characterized CTCF and 
cohesin-mediated Fbn2 loop39 (Fig. S8a), led to the 
expected change in contact frequency21,23,24 (Fig. S8b), and 
was reproducible between technical replicates (Fig. S8c), 
thus validating the cohesin depletion. As expected, the 
small fraction of interactions between CTCF and cohesin-
bound sites showed large reductions in strength upon 
cohesin depletion (Fig. 4a,c; Fig. S8a). However, the 
strengths of other interaction types were largely unaffected 
by cohesin depletion. We therefore refine the 
microcompartment definition to interactions largely robust 
to cohesin depletion (see Discussion for full definition). 

Second, we explored the role of transcription. We 
observed that microcompartments largely formed between 
active promoter and enhancer regions (Fig. 3e; Fig. S7), 
suggesting a relationship between active transcription and 
microcompartments. To understand if microcompartments 
are a downstream consequence of transcription, we 
abolished transcription by inhibiting transcription initiation 
by RNA Pol II using triptolide for 45 min13,40 and performed 
RCMC across all 5 regions (Fig. 4b; Fig. S9). Regardless 
of the type of interaction, microcompartment interactions 
were essentially unaffected by loss of transcription (Fig. 4b, 
d). We conclude that microcompartments do not require 
short-term transcription and are more likely either 
independent from or formed upstream of transcription 

rather than forming as a downstream consequence of 
transcription. 

 
DISCUSSION 

Here we introduce RCMC as a new, accessible, and 
affordable method for mapping 3D genome structure at 
unprecedented depth. Compared with Micro-Capture-C16 
methods such as TMCC17, RCMC is much more efficient 
(Fig. 1b; Fig. S2c), thus affording much higher depth with 
less sequencing. Another approach is to brute-force 
genome-wide Hi-C or Micro-C; by performing 150 separate 
Hi-C experiments and sequencing deeper than ever before, 
a recent preprint by Gu et al. reached 33 billion contacts14. 
However, such efforts14 are not accessible to most labs and 
poorly compatible with perturbation experiments vital to 
uncovering mechanisms of organization. Instead, with 
RCMC we reach the local equivalent of 200 billion contacts 
with relatively modest sequencing (Fig. S2c). We therefore 
propose RCMC as an ideal method for generating ultra-
deep 3D contact maps and for perturbation experiments, 
albeit only for individual regions.  

What molecular processes might drive 
microcompartment formation? Although cohesin-mediated 
loop extrusion is well-established to generate focal 
interactions (loops)9,10, microcompartmental loops are 
robust to acute cohesin removal, and therefore likely not 
dependent on loop extrusion (Fig. 4a,c). Furthermore, 
although most microcompartmental loops connect 
enhancers and promoters, microcompartments are also 
robust to acute to loss of RNA Pol II transcription initiation 
(Fig. 4b,d). Instead, we propose that nested and multiway 
focal microcompartments correspond to small A-
compartments14,41,42 that form through a 
compartmentalization mechanism, perhaps mediated by 
factors upstream of RNA Pol II initiation, such as 
transcription factors and co-factors or active chromatin 
states43. Indeed, in the field of polymer physics, it is well-
known that block copolymers undergo microphase 
separation4,44,45 when composed of distinct monomers that 
preferentially interact (Fig. 4e). Intuitively, if active 
chromatin regions at microcompartment anchors are 
selectively “sticky” with each other, they will tend to co-
segregate, resulting in the formation of nested, focal 
interactions (Fig. 4e). Microphase separation due to 
preferential interactions among active loci within a block 
copolymer might thus explain the formation of the striking 
pattern of interactions we observe (Fig. 3a-b; 4e). In 
summary, we tentatively define microcompartments as 
follows: 1) highly nested, focal interactions that frequently 
connect promoters and enhancer regions often in gene-rich 
loci; 2) are formed through a compartmentalization 
mechanism; and 3) are largely independent of loop 
extrusion and transcription, at least on short timescales. 
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How do microcompartments compare to previously 

described 3D genome features? First, previous genome-
wide Micro-C uncovered widespread short-range Promoter-
Promoter and Enhancer-Promoter links (P-P and E-P 
links)12,13. Similarly, many microcompartment interactions 
connect promoters and enhancers. RCMC now better 
resolves these interactions, revealing them to be highly 
nested, frequently forming dozens of microcompartmental 
loops. Second, while differences in cell type preclude a 
direct comparison, the microcompartments described here 
also share features with the fine-scale A-compartment 
interactions recently described by Gu et al. that were 
proposed to segregate active enhancers and promoters into 
small A-compartments14. Along the lines of Gu et al., the 
microcompartments we observe form small contact 
domains, and their loops are more punctate as compared to 
CTCF and cohesin-mediated loops, which are more 
diffuse14 (Fig. 4c-d).  

Finally, our study provides insights into the 
molecular mechanisms that mediate E-P interactions. While 
some studies proposed that cohesin is largely required for 
E-P interactions27,46, others have suggested that cohesin is 
most important for very long-range47,48 or for inducible E-P 
interactions48,49, or that cohesin is largely not required for 
the maintenance of E-P interactions12,17. Except for most 
CTCF and cohesin-bound enhancers and promoters, our 
data suggest that most P-P and E-P interactions are 
mediated by a compartmentalization mechanism distinct 
from loop extrusion. This may offer a mechanistic 
explanation for the observation that cohesin is not required 
for the short-term maintenance of most E-P interactions and 
that the effects of cohesin depletion on global gene 
expression are modest12,17,25. 

In summary, we have introduced RCMC, 
uncovered microcompartments in gene-rich areas in 
mESCs, and shown that microcompartments require neither 
cohesin nor transcription. RCMC provides an accessible 
method to deeply resolve 3D genome structure in general 
and enhancer-promoter interactions in particular across loci, 
cell types, and disease states. In the future, it will be 
important to test the generality of microcompartments, to 
further dissect their molecular basis and regulation, and to 
understand the frequency and lifetime of 
microcompartmental interactions in live cells39. 
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