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Abstract

RNA serves as information media as well as molecular scaffold in nature and synthetic systems. The single guide RNA (sgRNA) widely applied in
CRISPR technigues exemplifies both functions, with a guide region bearing DNA base-pairing information, and a structural motif for Cas9 protein
scaffolding. The scaffold region has been modified by fusing RNA aptamers to the tetra-stem loop. The guide region is typically not regarded
as a pluggable module as it encodes the essential function of DNA sequence recognition. Here, we investigate a chimera of two sgRNAs, with
distinct guide sequences joined by an RNA linker (dgRNA), regarding its DNA binding function and loop induction capability. First, we studied the
sequence bi-specificity of the dgRNA and discovered that the RNA linker allows distal parts of double-stranded DNA to be brought into proximity.
To test the activity of the dgRNA in organisms, we used the LacZ gene as a reporter and recapitulated the loop-mediated gene inhibition by
Lacl in E. coli. We found that the dgRNA can be applied to target distal genomic regions with comparable levels of inhibition. The capability of
dgRNA to induce DNA contacts solely requires dCas9 and RNA, making it a minimal system to remodel chromosomal conformation in various

organisms.
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Introduction

Since the initial identification of the CRISPR locus (1), great
research efforts have been dedicated to the understanding of
the CRISPR-Cas system as an adaptive immune system in
microbes. Focusing on the molecular mechanism underlying
the defensive function of CRISPR, Cas9 was discovered as
an unusually large Cas protein (2) and later demonstrated its
DNA endonuclease activity was demonstrated iz vitro. Later
on, the discovery of CRISPR RNA (crRNA) (3) and trans-
activating CRISPR (tracrRNA) (4) showed that the flexibility
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of the CRISPR-Cas system was enabled by encoding target in-
formation in the nucleic acid. Soon after the elucidation of
the essential components of CRISPR-Cas9 for DNA cleavage
in the endogenous environment, it was harnessed for carry-
ing out precise gene editing in various organisms (5-7). The
CRISPR-Cas9 system was further simplified by fusing crRNA
and tracrRNA into a single transcript coined as single guide
RNA (sgRNA) (8). By encoding the 20 nucleotides guide se-
quence in a sgRNA, the CRIPSR-Cas9 system can be easily
reprogrammed to target almost any arbitrary gene locus. The

Received: January 17,2023. Revised: May 23, 2024. Editorial Decision: June 21, 2024. Accepted: June 25, 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the
original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other
permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information please contact

journals.permissions@oup.com.

G20z Isnbny 7| uo Jasn (8InjIsu| BySUljoIBY) 18INYISU| BYsulloieY Aq 9G1 L 2 //82€6/G L /2G/2101 e/ leu/wod dnoolwapede//:sdiy wolj papeojumo(


https://doi.org/10.1093/nar/gkae591
https://orcid.org/0000-0003-0396-5257
https://orcid.org/0000-0002-6923-5313
https://orcid.org/0000-0002-1107-828X
https://orcid.org/0000-0003-2120-7580
https://orcid.org/0000-0003-2715-7887

Nucleic Acids Research, 2024, Vol. 52, No. 15

highly programmable gene targeting function of the CRISPR-
Cas9 system was later repurposed for DNA transcription in-
terference by creating an endonuclease activity dead Cas9
(dCas9) (9). The CRISPR-dCas9 system has become a plat-
form for epigenetic modification by fusing a transcriptional
activator or repressor to dCas9 (10-14) in conjunction with
the modification of the sgRNA (15). In recent years, more
CRISPR systems were uncovered, with capability extended to
RNA targeting (16) and protease function (17). The expand-
ing CRISPR toolkit has been continuously driving and trans-
forming the research paradigm in molecular biology across
many fields.

A prominent question in cell biology is to interpret the
functional outcome of genome organization. The higher-order
structure of the genome provides physical premises for the
molecular machinery to exert a regulatory effect by interacting
with functional genomic elements, serving as a key regulatory
layer for gene expression. With recent technical advances, the
long-range (18) DNA contacts at a global level could be iden-
tified from an ensemble average, regarded as the fundamen-
tal mechanism for genome organization. However, the causal-
effect relationship between genome structure and transcrip-
tion outcome remains disputed due to conflicting study re-
sults. Research about specific domains revealed an altered ex-
pression pattern after structural reorganization (19,20), while
global disruption of topologically associated domains only led
to dysregulation of a minor portion of genes (21). To system-
atically evaluate the effect of regulatory elements and poten-
tial targets, the CRISPR-Cas9 system has been used to screen
the function of regulatory elements through either genetic dis-
ruption or repression (22,23). Despite the advantage of the
CRISPR system to flexibly target functional genomic elements,
these available approaches cannot determine the effect derived
from physical contacts sustained by genomic architecture, fo-
cusing instead on perturbing regulatory elements such as en-
hancers. In recent years, the CRISPR-dCas9 system has been
engineered to enable loop formation through heterodimeriza-
tion of a modified dCas9 protein directed to separate genomic
targets. Thus, demonstrating the feasibility and functional im-
plication of introducing DNA loops by dCas9 dimerization.
These methods can be controlled by additional chemicals (24)
or physical cues (25) to induce loop formation, as well as via
incorporation of orthogonal dCas9 subtypes, to allow het-
erodimer formation (24,26). Another method used a single
type of engineered dCas9 fusion protein while supplementing
an additional bridge protein to allow DNA loop formation
(25).

Here, we introduce a concise strategy focused on redesign-
ing the guide RNA to allow the formation of DNA con-
tacts. We first added a non-structured RNA linker to con-
nect two sgRNA units with different guide sequences in tan-
dem, referred to as double guide RNA (dgRNA) (Figure 1A,
Supplementary Figure S9). We next validated that the dgRNA,
as a single transcript in vitro, can recruit two dCas9 proteins
to form a ribonucleoprotein (RNP), and that the formed com-
plex was capable of binding to the corresponding DNA tar-
gets, bringing them into spatial proximity. To further inves-
tigate the function of the dgRNA-dCas9 RNP in organisms,
we targeted the LacZYA locus in Escherichia coli, and mea-
sured the gene expression through a 3-galactosidase assay. We
observed that strains expressing dgRNA-dCas9 display more
potent and prolonged inhibition of the LacZ gene, at the same
level of the Lac repressors, in comparison to sgRNA-mediated
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CRISPR interference, implying a loop-mediated gene regula-
tory effect. Following this finding, we next investigated the
physical searching space between the two guide regions of
the dgRNA measured by its DNA length. Our results showed
that the efficiency of the dgRNA-mediated regulatory effect
was reduced with increasing distance between DNA target
regions, indicating a limited searching space of the dgRNA-
dCas9 RNP.

In general, we designed a bivalent dgRNA for dCas9 and
studied its functional mechanism by mapping the molecu-
lar interactions between dgRNP and target DNA. We have
demonstrated that by joining two separate sgRNAs together
with an RNA linker, the dCas9 RNP could be devised for in-
ducing DNA loop in vitro with sequence specificity, and for
regulating gene expression iz vivo.

Materials and methods

Strain construction

All E. coli strains for the B-galactosidase assay were de-
rived from NEBExpress (NEB). The E. coli strains were trans-
formed with a pdCas9-bacteria plasmid (a gift from Stan-
ley Qi, Addgene plasmid #44 249, https://www.addgene.org/
44249/) and a distinct guide RNA plasmid modified from
a pgRNA-bacteria plasmid (a gift from Stanley Qi, Addgene
#44 251, https://www.addgene.org/44251/). The transforma-
tion was carried out by heat shock at 42°C for 45 seconds.
Transformed E. coli strains were subsequently selected on
LB-agar plates with 100 pg/ml of Ampicillin (Sigma-Aldrich)
and 34 ug/ml of Chloramphenicol (Thermo Fisher Scientific).
To express each gRNA plasmid, DNA templates were or-
dered from Thermo Fisher Scientific and subcloned into the
pgRNA-bacteria plasmid by replacing the original gRNA ex-
pressing region between Spel and HindIIl restriction sites.
The gRNA plasmids expressing double dual guide RNAs
were subcloned by BioCat GmbH. Sequences can be found
in Supplementary Table S1.

Western blot and Coomassie staining

To check the expression levels of dCas9 under the different
culture conditions, the cultures were centrifuged at 4000 rcf
for 10 minutes and the supernatant was discarded. The cell
pellets were frozen at -80°C and thawed to room tempera-
ture prior to the experiment. The cells were resuspended in
a 1:1 mixture of 1x PBS and 2x Laemmli buffer (Bio-Rad,
#1610737) containing 2-mercaptoethanol (Sigma-Aldrich,
#M6250-100ML). To lyse the cells, the samples were soni-
cated for 5 min in intervals of 10 s on and 10 s off. Finally, the
cell lysates were heated at 95°C for 2 min and centrifuged at
6000 rcf for 2 min. The total amount of protein on the sam-
ples was measured by absorbance at 280 nm with NanoDrop
and 200 pg was loaded to 10% SDS-PAGE gels. The gels
were run in 25 mM Tris base (Sigma-Aldrich, #T4661), 192
mM Glycine (VWR, #24403.367), 0.2% SDS (Sigma-Aldrich,
#11667289001) buffer for 30 min at 120 V followed by
another 60 min at 200 V. The gels for whole cell lysate
staining were incubated with 0.3% w/v Coomassie Brilliant
Blue (Sigma-Aldrich, #27816-100G), 0.2 M citric acid (Sigma-
Aldrich, #251275-100G); and de-stained overnight under ro-
tation. The Coomassie stained gels were imaged using a GE
LAS 4000 imager.
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Figure 1. Re-designed bivalent guide RNA directing dCas9 to induce loop-mediated gene regulation in E. coli. (A) Each dgRNA comprises two sgRNAs
with distinct guide sequences connected by an adjustable linker. The dgRNA recruits the dCas9 at stoichiometry of 1:2 to form a ribonucleoprotein. (B)
The dgRNP imposes a regulatory effect on gene expression by modifying the genomic DNA topology. The dgRNP recognizes separate operators in the
genome and forms hybrid products by bringing distal operators into spatial proximity to form DNA contacts or loops. The modified genomic topology
affects gene expression by introducing topological complexity to genomic regions adjacent to the target gene.

The samples for western blot were transferred to a nitro-
cellulose blotting membrane (Cytiva) by applying a constant
voltage of 20 V for 50 min. The membranes were blocked with
5% Blotting-Grade Blocker (Bio-Rad) diluted in TBST (0.1%
Tween) for 1 hour at room temperature. Then, the membranes
were incubated overnight at 4°C with mouse anti-Cas9 mon-
oclonal IgG1 antibody (Thermo Fisher) diluted 1:500 in TBS
0.1% Tween (Sigma-Aldrich). The day after, the unbound an-
tibodies were washed away with TBST three times for 15
min each. Then, the membranes were incubated for 2 hours
at room temperature with Alexa 647-conjugated goat anti-
mouse IgG antibody (Thermo Fisher) diluted 1:1000 in TBST.
After washing with TBST, the membranes were imaged using
a GE LAS 4000 imager.

f-Galactosidase assay

Before carrying out the P-galactosidase assay, 10 pl of
overnight culture were inoculated into 90 ul of Lysogeny
broth, LB (VWR), supplemented with 1 mM IPTG (VWR),
100 pg/ml of Ampicillin and 34 pg/ml of Chloramphenicol.
When reaching mid log phase, the bacteria were induced with
or without 2 uM of uTC and grown for another 2 h. A vol-
ume of 100 ul from each culture was measured by using the
yeast 3-galactosidase assay kit (Pierce) following the manu-
facturer’s instructions. The absorbance at 420 nm and 600 nm
was measured to calculate the B-galactosidase activity using
the following equation:

1000 x A420

— galactosidase activity = —————
B — galactosidase activity 7%V x ODgog

t = time of incubation in minutes and V = volume of culture
used for measurement in ml.

In vitro transcription of RNA

All gRNAs used for electrophoretic mobility shift assay
(EMSA) and transmission electron microscopy (TEM) were
produced by in vitro transcription using the T7 HighYieldAid
kit (Thermo Fisher Scientific) for 4 h at 37°C, followed by
digestion with DNAsel (Thermo Fisher Scientific). The tran-
scripts were further purified with a spin column using the
E.Z.N.A. total RNA kit (Omega Bio-Tek) following the in-
structions of the product.

Gel electrophoretic mobility shift assay

DNA substrates were prepared by amplifying DNA ultramers
with Cy5- or Cy3-labelled primers at the 5’ end, ordered from
Integrated DNA Technologies (IDT). PCR products were then
subsequently purified using a PCR purification kit (Qiagen,
#28 104). The RNPs were constituted at room temperature in
dCas9 buffer consisting of 20 mM Tris—=HCI (pH 7.5), 100
mM KCI, 5§ mM MgCl,, 5% glycerol and 1 mM DTT. For
sgRNAs, the ratio of dCas9:sgRNA was 1:1.2 and for dgRNA
the ratio of dCas9:dgRNA was 2.4:1 with a final RNA con-
centration of 250 nM. The RNPs were added to the fluo-
rophore labelled DNA substrates at 100 nM with equal vol-
ume and incubated for 1 hour at 37°C. After incubation, the
samples were run on a 4% native PAGE gel at 300 V for 20
min at 4°C in 0.5x TBE supplemented with 5§ mM MgCl,.
After gel electrophoresis, the gels were imaged with a GE
LAS 4000 imager. Sequences used for EMSA can be found in
Supplementary Table S2.

Negative stain transmission electron microscopy

DNA substrates were prepared by amplifying DNA ultramers
with desthiobiotin-labelled primers at the 5’ (IDT). The RNPs
were constituted at room temperature in dCas9 buffer consist-
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ing of 20 mM Tris-HCI (pH 7.5), 100 mM KCl, 5 mM MgCl,,
5% glycerol, 1 mM DTT with a final concentration of 250 nM
of 2.4:1 dCas9:dgRNA ratio. After preparation, the mixture
of RNA and dCas9 was incubated at room temperature for
10 min, the labelled DNA substrates at 100 nM were added to
RNPs with equal volume and incubated for 1 h at 37°C. The
DNA in complex with the RNPs was bound to streptavidin
MyOne C1 Dynabeads (Life Technologies) and washed twice
with dCas9 binding buffer. The products bound to the Dyn-
abeads were eluted with 5 mM D-Biotin (Thermo Fisher Sci-
entific). The eluted sample was diluted to 5 nM of DNA con-
centration before being applied onto TEM grids. All samples
were prepared with formvar coated copper grids (Electron Mi-
croscopy Sciences, #FCF400-CU), and were glow discharged
before use. For the preparation of the TEM grids the sample
was applied to the carbon-coated surface and incubated for 20
s followed by a wash with water for 4 s. The grids were sub-
sequently stained with uranyl acetate for 20 s and air dried
for 45 min before imaging. Micrographs were collected using
SerialEM on a Talos 120C G2 fitted with a Ceta-D detector at
a 73000x magnification. Subsequent data processing was car-
ried out using CryoSPARC v4.0.0 (27). Particles were picked
using template picking with templates generated using manu-
ally picked particles from the s20 dataset. The particles were
then cleaned using two rounds of 2D classification, with the
final 2D classes used in the analysis selected from the second
round. Measurement of distances was carried out by compari-
son to a published atomic model of dCas9 (PDB: 6K3Z) using
UCSF Chimera (28) and Image] (29).

Atomic force microscopy

A freshly cleaved mica surface was pre-treated with 5 mM
Nickel sulfate for 1 min at room temperature and washed
three times with water before being dried with a nitrogen air-
flow. The sample was immediately deposited on the mica sur-
face for 1 min and washed with water three times before be-
ing air dried with a nitrogen airflow. Atomic force microscopy
(AFM) images were taken with a JPK instruments Nanowiz-
ard 3 ultra with an Olympus Biolever mini cantilever in AC
mode. Bruker SCANASYST-AIR probes (Bruker) with a spring
constant of 0.4 N/m were used for imaging with driving fre-
quency at ~80kHz.

Chromosome conformation capture assay (3C)

For the 3C assay, the bacteria was grown as described for
the p-galactosidase assay. Before fixation, the ODggo was ad-
justed to 0.6 for all the samples, and 5 ml of each bacterial
culture was cross-linked with 1% final v/v of formaldehyde
for 10 min at room temperature. The fixation reaction was
quenched with glycine (final concentration of 130 mM) for §
min at room temperature followed by an additional 10 min
on ice. The cells were pelleted by centrifugation at 10 000 rcf
and 4°C for 15 min, and washed with TE buffer (10 mM
Tris, 2 mM EDTA, pH 8.0). After another centrifugation step,
the cells were resuspended in 400 pl of 25 mg/ml lysozyme
(Thermo Fisher Scientific, #10 076 813) in TE buffer and lysed
for 10 min at room temperature. To denature the proteins on
the sample, 10% SDS was added to a final concentration of
0.5% and incubated for 5 min at 65°C followed by 10 min at
37°C. The SDS was quenched by adding 10% Triton X-100
to a final concentration of 1%. In the first 3C experiment, the
samples were digested overnight in a 200 pl reaction contain-
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ing 120 ul of the cell lysate, 480 U of Hhal (NEB, #R0139L),
and 1x rCutSmart™ Buffer (NEB, #B6004S). The digestion
reaction was carried out for 18 h at 37°C, before adding an
additional 480 U of Hhal and incubating for 4 more hours
at 37°C. For the second round of 3C experiment, the samples
were incubated with a combination of 480 U of AluI (Thermo
Scientific, #ER0012) and 480 U of Haelll (NEB, #R0108M).
After overnight incubation, the volume of the reaction was ad-
justed to 500 ul and incubated for an additional § h at 37°C.
To terminate the digestion, 10% SDS was added to a final con-
centration of 0.5% for 20 min at 80°C while shaking at 1000
rpm. Next, the samples were ligated for 16 h at 16°C and 300
rpm in a 800 ul reaction containing final concentrations of
0.9% Triton X-100, 0.1 mg/ml BSA, 10000 U of T4 DNA
Ligase (NEB, #M0202M) and 1x T4 DNA Ligase Reaction
Buffer with 10 mM ATP (NEB, #B0202S). The following day,
the reaction was incubated for another hour at 25°C while
shaking at 450 rpm and terminated by adding a final concen-
tration of 10 mM EDTA and incubating for 20 min at 85°C.
To remove the RNA, the samples were treated with a final con-
centration of 0.1 mg/ml of RNase I (Thermo Fisher Scientific,
#ENO0601) for 45 min at 37°C and 450 rpm. The cross-linking
was reversed from the digested and ligated samples with a fi-
nal concentration of 1 mg/ml of Proteinase K (Thermo Fisher
Scientific, #£00491) and incubation for 16 h at 53°C and
450 rpm. The DNA was extracted by adding an equal vol-
ume of phenol-chloroform-isoamyl alcohol (Sigma Aldrich),
mixing by inversions and centrifuging at maximum speed for
15 min. The upper aqueous phase was transferred to a new
tube and the DNA was precipitated with a volume excess of
ice-cold absolute ethanol, incubation at —20°C overnight and
pelleting by centrifugation at maximum speed for 15 min at
4°C. The DNA pellet was washed with 70% ethanol once,
centrifuged again and air dried. The final DNA pellet was re-
suspended in TE buffer and the concentration was measured
by Qubit using the Invitrogen Qubit 1x dsDNA High Sensi-
tivity (HS) and Broad Range (BR) Assay Kit (Thermo Fisher
Scientific, #Q33230) according to the instructions of the man-
ufacturer. The digestion and ligation efficiency was examined
by 1.5% agarose gel electrophoresis. The relative contact fre-
quencies between the O3 proximal site P2 and several sites
along the region of interest were determined by analyzing 50
ng of each DNA sample with qPCR using the Luna Univer-
sal gPCR Master Mix (NEB, #M3003) according to the kit’s
instructions.

Design of primers used for 3C-qPCR was illustrated in Fig-
ure SA, sequences of which can be found in Supplementary Ta-
ble S3. A pair of 3C primers was used to normalize the base-
line contact frequency as technical control by targeting Hhal
or Haelll + Alul-digested fragments outside of the dgRNA-
targeted region. The quantity of contacts was thus calculated
as: normalized quantity = 2(CtROD-CHTC) “from C; values de-
rived from primers for the genomic region of interest (ROI)
and outside the region as technical control (TC).

Quantification and statistical analysis

All data from B-galactosidase assay in this work were col-
lected from three independent biological replicates. All sta-
tistical analyses were presented as means + SD. Significant
differences between the values under different experimen-
tal conditions were subjected to two-tailed Student’s #-test.
For all tests, P value < 0.05 was considered as statistically
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significant. *P < 0.05; **P < 0.01; ***P < 0.001 and ns, no
significance versus the control groups.

Results

A gRNA consisting of two sgRNAs connected by an
RNA linker demonstrates sequence bispecificity

The sgRNA in the CRISPR-Cas9 system is an engineered RNA
derived from the fusion of the 3" end of crRNA to the 5" end of
tracrRNA by a hairpin, to mimic the native tertiary structure
essential for Cas9 activation and DNA cleavage (8) (Figure
2A). To avoid perturbing the functional conformation of each
sgRNA, we used an RNA linker of a poly-adenine sequence
connecting the 5’ end of ‘guide a’ to the 3’ end of ‘guide b’
(Figure 2A, Supplementary Figures S1 and S9).

First, we investigated the function of the dgRNA by val-
idating that it can recruit dCas9 to form an active RNP to
recognize and bind to two DNA targets. We designed the
dgRNA with two distinct guides, ‘a’ and ‘b’ (depicted in Fig-
ure 2A), and synthesised the corresponding double-stranded
DNA substrates ‘a’ and ‘b’, each labeled with Cy5 and Cy3
respectively. Our experimental procedure involved titrating
dCas9 over the dgRNA, utilizing a CyS5-labeled DNA sub-
strate ‘a’ as a fluorescent tag to track the formation of the
RNP complex. Gel electrophoresis analysis of the resulting
products revealed a shift in mobility from faster to slower
speeds with increasing concentrations of dCas9. This shift in-
dicated the progressive formation of the dgRNP, comprised
of two dCas9 moieties (as illustrated in Figure 2C). Addition-
ally, at higher concentrations of dCas9, we observed a faint
band above the primary products, suggesting the possibil-
ity of alternative conformations adopted by the dgRNP:DNA
complex. To comprehensively assess the binding dynamics of
the dgRNA to the two distinct DNA targets, we employed
an electrophoretic mobility shift assay (EMSA) to analyze the
products resulting from the interaction of the dgRNP with
DNA substrates (as depicted in Figure 2B and D). As a con-
trol, we included a sgRNA with guide sequence ‘a’ to distin-
guish the stoichiometry of dCas9 in the products from the
different sample combinations. As shown in Figure 2D, the
dgRNP effectively bound to both Cy5- labelled ‘a’ and Cy3-
labelled ‘b> DNAs confirming the binding activity of both
guide RNA units of the dgRNA construct. Furthermore, in
the presence of both DNA substrates, we observed additional
bands formed with slower mobility and showing overlapping
CyS5 and Cy3 fluorescence. This observation suggests that the
dgRNP is capable of simultaneously engaging with both DNA
targets. Additionally, minor products were detected above the
major bands in both fluorescent channels, consistent with the
minor conformations observed in Figure 2C, further support-
ing the notion of alternate dCas9 conformations in complex
with target DNA. We extended our investigation by exam-
ining the binding of the dgRNP to a DNA substrate with
both target sites separated by a 119 bp spacing (as depicted
in Supplementary Figure S2C). Analysis of the EMSA results
revealed products formed by the dgRNP bound to the DNA
substrate showing faster mobility compared to the DNA sub-
strate incubated with two separate sgRNPs, indicative of DNA
loop formation. The EMSA assay confirmed the formation
of products with the expected stoichiometry between dgRNP
and the target DNA, highlighting the specificity of the inter-
action. However, the detection of products with multiple con-
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formations raises intriguing questions regarding the detailed
structural arrangement of the formed complex, warranting
further exploration into its structural details.

We conducted further experiments to evaluate the endonu-
clease activity of a Cas9:dgRNA RNP, aiming to fully elu-
cidate the functionality of the dgRNA. We systematically
titrated Cas9 to the dgRNA and incubated the resulting RNP
with Cy5-labelled substrates ‘a’ and ‘b’ separately. Gel elec-
trophoresis analysis of the reaction products revealed a no-
table reduction in cleavage efficiency for substrate ‘b’ com-
pared to substrate ‘a’ (as shown in Supplementary Figure S2).
Extending the incubation time of the dgRNP with substrate
‘b’ led to improvement in cleavage, yet a substantial portion
remained uncleaved. This disparity between the binding and
cleavage efficiencies of dgRNP with substrate ‘b’ corroborate
the findings from previous studies regarding the impact of 5’
end modifications of the sgRNA (30). Specifically, the addition
of a linker to the 5’ end of the sgRNA, akin to the structure
of guide ‘b’ in dgRNA, minimally affected the formation of
the R-loop of the Cas9 RNP with the target DNA, but signif-
icantly impaired the cleavage rate.

Combining the insights gained from this experiment with
our previous findings we elucidated the influence of the RNA
linker on the dgRNA functionality. While the presence of the
linker facilitated simultaneous binding to a pair of target se-
quences, it also resulted in compromised functionality when
coupled with Cas9. This observation underscores the intricate
interplay between guide RNA design and enzyme activity of
Cas9.

dgRNA mediates DNA loop formation in vitro

We delved deeper into the binding capabilities of the dgRNP
to a DNA substrate harboring two distal target sites. Utilizing
linearized pUC19 as our substrate, dgRNA was engineered to
target two sites that are approximately 2400 bp apart. Given
the potential necessity for flexibility between the two guide
RNA units of the dgRNA when binding to two sites on the
same DNA molecule, we systematically varied the RNA linker
length from 20 to 40 nucleotides. Employing EMSA, we visu-
alized the complexes formed by pUC19 bound with dgRNP,
observing mobility patterns akin to those of pUC19 bound
with two separate sgRNAs targeting the same pair of sites
(Figure 3A). This indicated a stoichiometry of dCas9 to tar-
get DNA of 2:1.

To gain structural insights into these complexes, we puri-
fied the DNA bound with dgRNP and subjected it to negative-
stain transmission electron microscopy (NS-TEM). Our anal-
ysis revealed the connection of two dCas9 molecules bridged
by RNA, indicative of looped DNA. Notably, dgRNP samples
with varying linker lengths exhibited an average distance be-
tween the mass centers of the dCas9 units of around 100 A
(Figure 3B), confirming their connection by the RNA linker.
However, increasing the RNA linker length did not lead to
a noticeable increase in the mean distance between dCas9
molecules (Figure 3B, Supplementary Figure S3E), possibly
due to resolution limitations or biases inherent of NS-TEM.

To determine the capability of the dgRNP to induce DNA
loop formation, we imaged a linearized pUC19 bound with
dgRNP using atomic force microscopy (AFM). We tested the
dgRNA with a 40 nt linker targeting two pairs of sites lo-
cated 1200 and 2300 bp apart on the linearized pUC19. As
controls for comparison we also imaged the dgRNP and lin-
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Figure 2. The dgRNA demonstrates sequence bi-specificity for DNA targets. (A) lllustration of the dgRNA guiding dCas9 to recognize separate DNA
targets. The dgRNA consists of two sgRNA, with a 5" end-proximal guide sequence referred to as ‘guide a’ and a 3’ end-proximal guide referred to as
‘guide b'. (B) Schematics for the assay in (D). Two separate DNA substrates, substrate ‘a’” and substrate ‘b’, were used to keep track of the dgRNP-DNA
complex formation. Each substrate contains the target sequence corresponding to two guides of dgRNA and were labelled with Cy5 or Cy3
fluorophores. The dgRNP was tested under three conditions, including with Cy5-labelled substrate ‘a’, with Cy3-labelled substrate 'b’, or with both
substrates ‘a + b". The sgRNP with guide ‘a’ was tested under the same conditions as a control. (C) EMSA measuring the titration of dCas9 over the
dgRNP while binding to a Cy5-labelled single DNA substrate. (D) EMSA visualizing the dgRNP binding to two separate DNA targets simultaneously.
Lanes 1-2 show labelled DNA substrates, lanes 3-8 show the corresponding products formed by the RNP and DNA substrate ‘a’ or ‘b’ as indicated
above. Open circle, fluorophore-labelled DNA substrates; open triangle, products associated with a single protein; solid grey triangle, products
associated with double proteins; solid black triangle, products associated with double proteins in minor conformation. Dashed box highlights the sample
of dgRNP incubated with both substrates. Products were visualized using native PAGE gel; images were taken in Cy3 and Cy5 channels and merged,
with uncropped images in separate channels shown in Supplementary Figure S2.

earised plasmid (Figure 3D). The dgRNPs were incubated
with pUC19 before being imaged by AFM. Compared to pure
pUC19, we observed dgRNP binding to pUC19 with a few
binding modes. As expected, using AFM we could observe the
dgRNP bound to both targets, and the two targeted sites with
dCas9 were contracted by the RNA linker to form a loop (Fig-
ure 3C, Supplementary Figure S4A, B). For the dgRNPs tar-
geting different sites on pUC19, the loop lengths were consis-
tent with the designed distance between binding sites. For the
dgRNP targeting two sites at approximately 150 bp from ends
of linearized pUC19, separated by approximately 2400 bp, we
observed recircularization of linearized pUC19. We observed
smaller DNA loop formation with dgRNP targeting sites sep-
arated by 1200 bp and located ~800 bp away from both ends.
The formation of a DNA loop at targeted sites with the antic-
ipated size demonstrated the programmability of the dgRNP
to induce DNA loops.

From the AFM images we observed several products
formed between dgRNP and linearized DNA, including DNA
loop, DNA bound with dgRNP at one target site, and DNA
bound with two dgRNPs at both sites in tandem (Figure 3E
and E Supplementary Figures S5 and S6). To better analyse
the frequency of the DNA loop detected in the sample, we
quantified the number of products belonging to each category
across the field-of-view. DNA bound with dgRNP at one site
was further identified as two subcategories: with one protein

and with tethered protein (Figure 3E-F). The difference was in
the morphology of the RNP imaged at the binding site and was
included to avoid bias due to ambiguity. Notably, the observed
one protein could be a result of the limited resolution of AFM
tips to resolve two dCas9s connected by an RNA linker at
given sites. DNA bound with dgRNPs at both sites in tandem
was identified as DNA bound with more than two proteins,
again to avoid the ambiguity in the number of proteins per
site. From the quantification, we observed various frequencies
of DNA loop with different dgRNPs. With the dgRNP recog-
nising targets separated by 160 bp, the yield was around 50%
(Figure 3E). When the distance was increased to 2100 bp, the
yield dropped to 12% (Figure 3F). Such discovery revealed
that the efficiency of loop formation could be largely affected
by the distance between target sites.

While AFM data enriched our understanding by offering
the topographical details of dgRNPs bound with DNA, it is
essential to acknowledge the limitations in interpreting this
data. Differentiating genuine DNA loops from other struc-
tural features poses a challenge, thus our quantitative analysis
of various structural categories offers statistics under the best-
case scenario for looping efficiency. Overall, the quantitative
analysis from AFM, coupled with TEM data, underscores the
capability of the dgRNA to form dgRNP complexes with two
dCas9 units, facilitating DNA loop formation at specific sites
in vitro.
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with corresponding linker length. Each class shows the density from the two dCas9 proteins of the complex, with undetectable signals from RNA or
DNA. (C) Cropped AFM images of dgRNP targeting at different pairs of sites on the same linearized DNA substrate. Left panel shows cartoon
illustrations of the target sites on the substrate, with cropped AFM images of the DNA loop formed between dgRNP DNA substrates on the right;

uncropped images shown in Supplementary Figure S4. Scale bars, 100 nm. (D) AFM images of the DNA substrate incubated with dgRNPE dgRNP alone

and linearized DNA substrates alone. White triangles indicate dgRNP (E, F) Characterization of the products formed between dgRNP and the DNA

substrate from AFM images. Each sector corresponds to a category of products identified from AFM images, with cropped images of representative
complexes from four categories. The percentages of each product type are shown on a graph pie, with the actual counts of each category from each
sample are shown in brackets. Cartoon illustrations depict the target sites of corresponding dgRNPs on DNA substrates. Uncropped AFM images are

shown in Supplementary Figures S5 and S6.

dgRNA directing dCas9 to recapitulate DNA
loop-mediated gene repression of LacZ in E. coli

As the dgRNA demonstrated the capability of loop induc-
tion, we next tested whether the dgRNA can induce loop for-
mation and regulate gene expression in a cellular environ-
ment. To study the function of the dgRNP in vivo, we used
a canonical DNA loop model, the Lac operon in E. coli (31).
The Lac operon consists of a set of genes essential for lactose
metabolism, of which the LacZ gene expression is regulated by
a Lac repressor (Lacl) via a loop-mediated mechanism. In the
absence of allolactose, or its analogue IPTG, Lac repressors
recognize the primary operator O1 and one of the auxiliary
operators O2 or O3 flanking the promoter of LacZ (Figure
4A). The Lac repressor binding to separate operators could
dimerize to form a tetramer inducing DNA loop formation
between operators. Allolactose or IPTG binds and sequesters

the Lac repressors, forcing their release from the operators,
and resulting in an increased LacZ expression. Therefore, by
using IPTG, the operators are free to be bound by the dgRNP.

By co-expressing the dCas9 and the dgRNA targeting
neighbour sites of the two auxiliary operators O2 and O3,
we studied the regulatory effect of dgRNP on the LacZ ex-
pression. It has been reported that the target strand affects
the binding stability of dCas9, potentially due to the com-
petition between RNA polymerase and dCas9 (9). Therefore,
we tested targeting either the template strand or non-template
strand of the LacZ gene. To further compare the effect be-
tween sgRNP and dgRNP, we constructed E. coli strains ex-
pressing sgRNAs targeting the same neighbouring sites of 02
or O3 operators. Constructed E. coli strains expressing sgRNP
targeting O2 and O3 on the non-template strand of LacZ were
termed as FO2 and FO3, and targeting O2 and O3 on the
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expression. (B) (3-Galactosidase activity measurement of E. coli expressing the gRNA targeting operator O2 and O3. RO2, strain expressing sgRNA
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antibody. Bottom panel shows Coomassie staining of the same amount of total protein from corresponding strains. Uncropped images can be found in

Supplementary Figure S8.

template strand termed as RO2 and RO3. Correspondingly,
strains expressing dgRNPs targeting both O2 and O3 on the
template strand were referred to as RO203, and FO203 refer-
ring to strains expressing dgRNPs targeting both sites on the
non-template strand. After the induction of dCas9 expression,
we performed a B-galactosidase assay to measure the expres-
sion level of LacZ in strains expressing different guide RNAs.
Our results showed that when targeting the non-template
strand of LacZ, adding IPTG failed to increase B-galactosidase
activity in FO2 and FO3 (Supplementary Figure S7), while
in the wild type strain the IPTG led to a significant in-
crease. The same effect was seen with FO203, with almost
unchanged B-galactosidase activity with IPTG (Figure 4B,
Supplementary Figure S7). By contrast, RO203 showed sig-
nificantly lower activation rate after adding IPTG compared
to RO2 and RO3, indicating a more potent repression mech-
anism in addition to a road blocking effect by the sgRNPs
(9). We measured the expression level of dCas9 in sgRNP and
dgRNP expressing strains with Western blot before and after
induction with uTC (Figure 4E), showing comparable dCas9
expression level across strains. To distinguish the increased re-
pression effect from the dosage effect due to dgRNPs binding
to both targets in tandem as seen in vitro, we also included
a control strain co-expressing both sgRNA-O2 and sgRNA-

O3 referred to as dual-sgRNA. We observed reduced activa-
tion rate of LacZ in the dual-sgRNA strain compared to the
strain expressing only sgRNA-O3, comparable to the strain
expressing sgRNA-O2 (Figure 4B). But the activation rate was
still higher than the strain expressing dgRNA. The more po-
tent repression of dgRNA thus further implied an additional
mechanism other than simply a road blocking effect by the
sgRNP. In addition to co-expressing the two sgRNAs, we ex-
panded our approach by constructing strains co-expressing
two separate dgRNAs. Each dgRNA was designed to target
either RO2 or RO3, along with a sequence absent in the host
genome (Supplementary Figure S12A, B). This dual-dgRNA
system enabled recognition of both RO2 and RO3 target sites
while simultaneously tethering dCas9 to a missing target se-
quence. Our findings revealed that the dual-dgRNA strategy
resulted in enhanced repression of LacZ compared to dual-
sgRNA, albeit still exhibiting weaker inhibition compared to
dgRNA-RO203. Our results demonstrated that the dgRNP
could recapitulate the LacZ repression mechanism of the Lac
repressor, implying the formation of a DNA loop between tar-
geted sites.

We next monitored the repression rate of LacZ along an
8 h time course. We monitored the fold change of LacZ ex-
pression at different timepoints after adding IPTG by mea-
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suring the expression level of LacZ in RO203 and RO2.
Our results showed that dgRNP can sustain potent repres-
sion of LacZ up to 8 h after dCas9 induction with uTC,
compared to a cumulative increase of 3-galactosidase activity
without dCas9 induction. While sgRNP showed a synchro-
nized fold change of LacZ at conditions with dCas9 induc-
tion or without (Figure 4C). We also calculated the inhibi-
tion rate of dgRNP and sgRNP, showing a higher repression
rate induced by dgRNP compared to sgRNP along the 8 h
period. Furthermore, the dgRNP sustained the repression of
LacZ up to 6 h with a mild drop of repression rate at 8 h (Fig-
ure 4D). We hypothesize that the mild repression by sgRNP
targeting the template strand could be explained by helicase
activity of RNA polymerase destabilizing the RNA:DNA du-
plex formed between the sgRNA and the template strand (9).
The potent and sustained repression induced by the dgRNP
suggests that the dgRNP forms a more stable complex with
the genomic DNA via a loop-mediated mechanism, enabling
higher resistance to destabilization factors iz situ such as RNA
polymerase by modifying local genomic topology. In sum-
mary, these results demonstrate that the dgRNP could reca-
pitulate the Lac repressor-mediated LacZ repression, implying
the dgRNP-mediated DNA loop formation in situ. These re-
sults further demonstrated the loop formation induced by our
dCas9-dgRNA system.

In addition, we conducted Chromosome Conformation
Capture assays (3C) to investigate the local genome organiza-
tion within the targeted genomic region affected by the dgRINP
(Supplementary Figure S10A). Contact frequencies between
the O3 proximal site (P2) and various sites across the ad-
jacent genomic region, including the O2 proximal site (P4),
were measured across multiple samples. While we could de-
tect increased likelihood for loop contacts with our dgRNA
compared to sgRNA, the control with the wild-type Lacl gave
no indication of looping with 3C in our hands. It appears that
the 3C assay failed to resolve the native DNA loop mediated
by Lacl in the host strain (Supplementary Figure S10B, C),
even when increasing the digestion frequency of the region
(Supplementary Figure S11B), as evidenced by consistent con-
tact frequencies between P2 and P4 regardless of IPTG treat-
ment (Supplementary Figures S10B, C and S11B). This could
be due to the main repression contribution of the Lacl sys-
tem coming from the induction of a small 91 bp loop between
03 and O1 (like in Figure 4A 11, top), which would probably
be too short to be resolved with 3C. Nevertheless, this under-
scores the persistent challenge of resolving DNA loops at the
scale of hundreds of base pairs, or lower, in E. coli, emphasiz-
ing the need for further advancements in research tools within

the field.

Distance between the targeted genomic regions
affects the efficiency of LacZ repression

To test the effect of distance between anchor sites on loop in-
duction, we programmed the dgRNA to target O2 and a se-
ries of distal target sites across the LacZYA operon. All target
sites were distributed across the LacZYA locus downstream
of O2 and were named by ascending number from O4 to O8
with increasing distance from O2 (Figure SA). Strains express-
ing the dgRNP targeting O2 and one of the other target sites
on the template strand were termed as RO204-R0O208. We
again measured the B-galactosidase activity of these dgRNA
variants in the different strains to monitor the expression
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level of LacZ after adding IPTG. For all strains, we observed
higher levels of LacZ repression compared to strains express-
ing sgRNP (RO2) (Figure SB).

Interestingly, despite all dgRNP showing higher repression
rate of LacZ compared to the sgRNP, the repression rate was
not determined by the distance between two target sites (Fig-
ure 5C). For dgRNA-RO208, targeting genomic sites spaced
more than 4500 bp apart, the repression rate of LacZ was
higher than for strains expressing dgRNA-RO203, with tar-
get sites located less than 500 bp apart (Figure 5B). For the
dgRNA-RO207, with the target site O7 being 4000 bp away
from O2 and less than 500 bp away from O8, the repression
rate of LacZ after dCas9 induction was significantly lower
than for dgRNP-RO208. Different LacZ repression rates here
reflected a varying efficiency of the dgRNP in inducing a DNA
loop. Since all dgRNAs tested here were anchored to the tar-
get site O2, varied efficiency was mainly affected by the other
target site. As the other target sites were not overlapping with
known regulatory elements of LacZ, we assumed that the dis-
tance between the two sites played an important role in alter-
ing loop induction efficiency by the dgRNP. Variations of the
relative inhibition rate were observed with varied distance be-
tween target sites of each strain but showed vague correlation
(Figure 5C), indicating that inter-distance could play some role
in loop formation ability. The unclear correlation between dis-
tance and inhibition rate could be attributed to distal genomic
regions organized into spatial proximity. Furthermore, altered
local topology of genomic DNA at target sites O4-O8 could
affect the accessibility of the dgRNP to the targets, and thus af-
fect the inhibition rate of the dgRNP. Therefore, the efficiency
of loop formation mediated by the dgRNP in vivo was con-
founded by the specific local genomic context when varying
distance between two target sites.

Discussion

The dgRNA-dCas9 system we introduced here constitutes a
new method to induce DNA contacts in living organisms. The
system exploits the high programmability of RNA and ex-
pands on the functionality of the guide RNA in the CRISPR
system by increasing the DNA binding valency. The method
is concise in the molecular elements required, enabled by a
bi-specific guide RNA, and flexible in targeting arbitrary ge-
nomic regions as typical for the CRISPR-dCas9 system. It has
been previously reported that the 5’ end of the sgRNA is sen-
sitive to modification (30). In our study, we integrated one of
the sgRNAs from the 5" end to the linker and observed similar
binding efficiency of the dgRNA to the target DNA, compared
to its sgRNA counterparts. However, we noted a significant
reduction in the cleavage efficiency of substrate ‘b’ compared
to substrate ‘a’ (Supplementary Figure S2D). These findings
are consistent with previous research indicating that 5’ modi-
fications greatly diminish the cleavage rate of Cas9, although
they only modestly affect R-loop formation between the RNP
and the target DNA. Considering the structural dynamics of
Cas9 RNP activation for cleavage, it is plausible that the 5’
modification of the guide RNA may have disrupted the tran-
sition of Cas9 from a catalytically inactive checkpoint state to
a catalytically competent conformation (32). This transition
has been observed to be impeded by mismatches at positions
19 and 20 distal to the PAM, underscoring the significance of
the DNA:RNA heteroduplex at the 5" end of the guide RNA
in facilitating the catalytic activation of the complex (33).
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biological triplicates were included.

Furthermore, consistent with the observed preference for the
catalytically inactive conformation of the dgRNP when inter-
acting with substrate ‘b’, we detected additional bands above
the primary products in the EMSA assay. These additional gel
bands were apparent only when the dgRNP was incubated
with substrate ‘b’, while they remained undetectable in the
presence of substrate ‘a’ alone (Figure 2C, Supplementary
Figure S2B). The emergence of these gel bands suggests a
shifted conformational landscape of the Cas9:dgRNA:DNA
complex with substrate ‘b’, indicative of a more prevalent pre-
active checkpoint state compared to the complex formed with
substrate ‘a’.

The biochemical intricacies of the dgRNP are readily ob-
servable and manipulable in controlled in vitro settings. How-
ever, the dynamic process of its target search and DNA loop
induction within the vast genome presents challenges for di-
rect observation. A fundamental disparity between iz vitro as-
says and genomic functionality lies in the expansive search
space, spanning several mega-base pairs in E. coli. To elu-
cidate the functional dynamics encompassing target search,
DNA binding, and DNA loop induction of the dgRNA, we
propose a hypothetical model. Here, the initial binding to the
first DNA target confines the physical search space of the com-
plex, thereby dictating the probability of DNA loop forma-
tion (Figure 6A, B). This binding event not only narrows the
search space for subsequent guide RNP units but also expe-
dites the discovery of the second target compared to indepen-
dent searches with sgRNPs. Conversely, it limits the physical
accessibility for the remaining guide RNP units.

Another critical difference from in vitro binding experi-
ments is the singular presence of the target sequence within
E. coli, leading to competition among dgRNPs for binding.
In scenarios where the second binding site is within reach of
an unpaired guide, which is tethered to its pair bound to the
genome at the first target site, the likelihood of this dgRNP en-
countering a second target is heightened (Figure 5B). Prior to
binding the second target site, the interaction of the tethered
dgRNP with the template strand is weaker, being more similar
to that of the sgRNP, making it more susceptible to destabi-
lization by the RNA polymerase. Consequently, the target site

could be re-interrogated by the dgRNP. Upon binding to the
second target, the resultant DNA loop acts as a topological
barrier akin to the Lacl dimer, impeding the unwinding ma-
chinery, like RNA polymerase, to exert its function. This leads
to a robust repression of LacZ expression (Figure 4B), show-
casing the functional consequences of DNA loop induction by
the dgRNP within the intricate genomic landscape of E. coli.

We delved deeper into conditions where the second target
sequence lies beyond the reach of the tethered RNP, to de-
termine whether the tethered dgRNP could exert additional
effects on the LacZ gene beyond weak repression attributed
to unstable genome binding. Through co-expression of two
dgRNA, each targeting RO2 or RO3, alongside a guide se-
quence devoid of targets in the E. coli genome, we observed
enhanced repression of LacZ compared to co-expression of
two sgRNAs (Supplementary Figure S12), albeit weaker than
dgRNA alone. The increased repression observed with this
dual-dgRNA suggests that tethered dCas9 may influence gene
repression by consistently interrogating the nearby genome,
thus forming transient DNA loops that act as a roadblock for
the transcription machinery. However, this difference might be
more straightforwardly elucidated by the introduction of two
doubled dCas9 RNPs targeting close-by regions.

While we successfully replicated the loop-mediated repres-
sion of the LacZ gene functionally, directly observing DNA
loop formation remains a significant challenge. The 3C assay
offers a means to resolve DNA contact formation beyond the
limits of optical microscopy, as digested genomic fragments
must lie within angstrom-scale distances to be religated. How-
ever, our attempts to employ 3C to validate the DNA loop
formed by the Lac repressor were unsuccessful. We were un-
able to differentiate the contact frequency between fragments
containing the target sequence in the host strain before and
after IPTG treatment (Supplementary Figures S10 and S11).
The distance between the two operons targeted by the Lacl
repressor is approximately either 90 bp (O1-03) or 500 bp
(01-02), which may be too short to be distinguished from
conditions where they were brought into proximity to form
a loop, owing to technical noise in the assay. We anticipate
that super-resolution microscopy could provide valuable in-
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Figure 6. dgRNP target searching in the genomic context with a two-step searching model. (A) The dgRNP interrogates the region adjacent to the PAM
sequence across the genome. (B) The dgRNP binds to the first target site after an initial interrogation and searching step. (C) The dgRNP anchored to the
first target site searches for the other DNA target within a confined space with the same interrogation mechanism. The searching space is affected by
the linker length and the degree of complexity in the local genomic environment.

sights into the study of DNA loops or contacts formed within
shorter distances. On top of merely recapitulating the Lacl-
mediated DNA loop, our research here further demonstrates
that dgRNPs can induce potent repression of LacZ by target-
ing O2 and more distant sites, up to 4700 bp (O8). Such a
large distance from the transcription starting site (TSS) of O8
should make it a neglectable target for CRISPRi of the LacZ
gene (34), again suggesting the role of induced DNA loop for
gene regulation. And noteworthy, the effective distance of the
DNA loop from the TSS remains to be investigated.

Another significant factor influencing the function of the
dgRNP, aside from the guide sequence, is the design of the
linker. In our studies, we observed no significant differences
between samples expressing dgRNAs with various linker sizes
when targeting O2 and O3, likely due to the short distance
between them. However, for future applications, we envision
the RNA linker serving as an adjustable handle to tune the
searching space of the dgRNA, and thus the probability of
loop formation. The high programmability of RNA also opens
up possibilities to introduce more structured modules as link-
ers, which could be more stable and resistant to ribonucleases.
For example, we observed that the dgRNP-RO208 could sus-
tain LacZ repression for up to 8 h, although with a reduced
repression rate after 6 h. This decrease in repression rate could
be attributed to the degradation of the exposed RNA linker.
Introducing a more stable linker could potentially sustain re-
pression for applications requiring prolonged durations. Ad-
ditionally, while our current work only explores introducing
an RNA linker from end to end, using a pair of interacting do-
mains in the two sgRNA scaffolds could provide a reversible
RNA linker to induce DNA looping. This approach could in-
duce DNA loops via a completely different mechanism, as the
binding to two targets would be independent.

Opverall, we have demonstrated the function of a bispecific
gRNA in gene regulation by inducing DNA contacts in vitro
and in E. coli. This method should be compatible for various
organisms, as well as for in vitro delivery as it relies on the
conventionally used dCas9 and a sgRNA construct. As it can
induce DNA contacts with adjustable efficiency and searching
space, it could act as an important tool for the study of the
functional implications of a DNA loop in a diverse genomic
context. Furthermore, the effects of the DNA loop shown in

this work suggest that dgRNA-dCas9 can function as a gene
regulatory tool with differentiated mechanisms, broadening
the scope for synthetic biology applications.
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