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CRISPR (clustered regularly interspaced short palindromic repeats) utility

relies onastable Cas effector complex binding to its target site. However,

a Cas complex bound to DNA may be removed by motor proteins carrying
out host processes and the mechanism governing this removal remains
unclear. Intriguingly, during CRISPR interference, RNA polymerase (RNAP)
progression is only fully blocked by abound endonuclease-deficient Cas
(dCas) from the protospacer adjacent motif (PAM)-proximal side. By
mapping dCas-DNA interactions at high resolution, we discovered that

the collapse of the dCas R-loop allows Escherichia coli RNAP read-through
from the PAM-distal side for both Sp—dCas9 and As-dCasl2a. This finding
isnotunique to RNAP and holds for the Mfd translocase. This mechanistic
understanding allowed us to modulate the dCas R-loop stability by
modifying the guide RNAs. This work highlights the importance of the
R-loop in dCas-binding stability and provides valuable mechanistic insights
for broad applications of CRISPR technology.

The utilization of CRISPR-associated (Cas) nucleases offers the ability to
precisely target DNA sequences and cleave at those sites, enabling great
advancesingene editing, targeting and diagnostic technology for both
prokaryotic and eukaryotic systems'™*. To accomplish this, a Cas protein
iscomplexed withaguide RNA (gRNA) that contains aspacer region com-
plementary tothe target DNA sequence. A critical facet of CRISPR utility
relies on Cas enzyme-binding stability, whichis dictated by specificand
robust binding of the gRNA to the target DNA sequence. This occurs via
recognition of a PAM sequence and hybridization of the spacer region
ofthe gRNA with the target DNA to form agRNA-DNA hybrid (R-loop)"”.

In vivo, a DNA-bound Cas can not only dissociate from the DNA
spontaneously but also be removed by motor proteins carrying out
other host processes. However, the mechanism governing Cas removal
by motor proteinsis not wellunderstood. Intriguingly, during CRISPR
interference (CRISPRi), which uses a dCas to block transcription, the
effectiveness of dCas removal depends on the orientation of the bound
dCasrelative to transcription. Transcription elongation is rather per-
missive from the PAM-distal side of abound dCas but is predominantly

blocked from the PAM-proximal side® . Curiously, a bound dCas is
not found to be a polar barrier to replication®, indicating that the
polarity is dictated by the dynamics of how motor proteins overcome
dCas barriers. The CRISPRi system offers an appealing opportunity
to examine the polarity and mechanics of dCas removal and, more
broadly, Cas-binding stability.

Using single-molecule assays, we mapped the structural features
ofadCas complex bound to DNA and investigated how an elongating
RNAP interacts with the bound dCas. Through this, we discovered the
mechanism for CRISPRi polarity and dCas removal, highlighting the
importance of the R-loop stability for abound Cas. This mechanistic
understanding suggests strategies for modulating dCas stability and
holds broader implications for Cas applications.

Results

R-loop of adCas complex bound to DNA

Toinvestigate the structural features that may underlie the polar barrier
ofabound dCas, we first mapped protein-nucleic acid interactions of a
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bound dCasviaahigh-resolution‘DNA unzipping mapper’ technique™ ™

(Fig.1a). Using anoptical trap, we unzipped DNA by mechanical separa-
tionof the two strands of adouble-stranded DNA (dsDNA) containing a
bound dCas. Before the unzipping fork encountered the bound dCas,
the unzipping force followed the force signature of the corresponding
naked DNA baseline, but, when the unzipping fork encountered the
complex, the unzipping force deviated from the naked DNA baseline,
indicating DNA interactions with dCas. To examine interaction polarity,
we unzipped the DNA through a bound complex from either the
PAM-distal side or the PAM-proximal side.

Using the unzipping mapper, we compared the force signatures
ofbothadCas9 and adCasl2a, two of the most prevalent Cas proteins
(Fig.1b). Although thetarget sequence of gRNAislocated at the 5’-end
for dCas9 and at the 3’-end for dCas12a, we found that theirinteraction
maps were strikingly similar.

When unzipped from the PAM-distal side, both dCas complexes
showed adropinforce belowthe naked DNA baseline, followedbyarisein
forceabovethebaseline. Thedropinforceis consistent with the presence
ofthe gRNA-DNA hybrid, which prevents DNA base pairing, createsa DNA
bubble and thus reduces the unzipping force. Note that, due to thermal
DNA ‘breathing’ fluctuations, the unzipping fork detects the DNA bub-
ble downstream®, leading to an earlier drop in force. The drop in force
indicatesalack of stronginteractions between the dCas proteinand DNA
beforethe bubble. For dCas9, the subsequent rise in force was detected
within the gRNA-DNA hybrid region, indicating strong interactions
between dCas9 and DNAinthatregion. For dCas12a, two types of traces
were detected (middle panel of Fig. 1b), 43% of the 37 traces measured
showasingleriseinforce above the naked DNA force baseline withinthe
gRNA-DNA hybrid region and the remaining traces show an additional
rise in force above the naked DNA force baseline at the distal end of the
gRNA-DNA hybrid. Both types of traces showadipinforce below the DNA
baseline withinthe gRNA-DNA hybrid. These observationsindicate that,
although dCas9 assumes one dominant conformation, dCas12a may
adopt two distinct conformations, as has been suggested by previous
biochemical studies™ . In contrast, when either a dCas9 or a dCas12a
was unzipped from the PAM-proximalsside, the force rose sharply at~6 bp
from the PAM site, indicating tight binding of the dCas protein to DNA
atthatregion. Thelocations of this tight binding site are consistent with
those suggested by structures of these complexes™ >,

Itisinteresting that these force features bear aremarkable resem-
blance to those of an E. coli transcription elongation complex (TEC),
which the DNA unzipping mapper method previously character-
ized”* . For ease of direct comparison of data with dCas complexes,
we remapped the TEC under the same experimental conditions as
for the dCas complexes (Fig. 1b). When unzipped from upstream of
transcription, a TEC showed a drop in force due to the transcription
bubble containing the RNA-DNA hybrid, followed by arise in force near
the active site. When unzipped from downstream of transcription, a
TEC showed arise in force at 10-20 bp downstream of the active site,
indicating tight binding of RNAP to DNA downstream of its active site.

Hypothesized mechanism of dCas roadblock polarity
The unzipping mapper data (Fig. 1b) clearly demonstrate that, just
like a TEC, a DNA-bound dCas complex contains an unprotected

R-loop-mediated DNA bubble near one end and tightly clamped DNA at the
otherend. These shared structural features suggest that these complexes
may be removed by acommon mechanism. Previous bulk transcription
studies showed that collapse of the transcription bubble leads to the
destabilization of a TEC* . Thus, we speculate that a DNA-bound dCas
may be destabilized similarly via DNA bubble collapse of abound dCas.

This has led us to hypothesize the following mechanism for the
polarity of CRISPRi (we reason that this polarity is inherent to the
common structural features of TEC and dCas complexes): when a
translocating RNAP approaches abound dCas from the PAM-distal side
(Fig. 1c), RNAP first encounters the DNA bubble of the dCas complex.
As RNAP tightly clamps its downstream DNA, forward translocation
will rezip the DNA bubble of the dCas complex. This leads to collapse
of the DNA bubble of the dCas complex, disruption of the gRNA-DNA
hybrid and ultimately removal of dCas from DNA. Thus, transcription
from the PAM-distal side is likely to be more permissive. On the other
hand, when RNAP approaches a bound dCas from the PAM-proximal
side, RNAP will encounter a dCas roadblock that may be too strong for
the RNAP to overcome (Extended Data Fig.1). Thus, transcription from
the PAM-proximal side is more prohibitive.

Abound dCasis a highly asymmetrical roadblock
Totest thishypothesis, we developed a single-molecule assay using the
DNA unzipping mapper that quantitatively measures the ability of RNAP
to transcribe through abound dCas from either the PAM-distal side or
the PAM-proximal side. In this assay (Fig. 2a), a DNA template initially
contained a TEC paused at the A20 position via nucleotide starvation
and abound dCas downstream. A control experiment was conducted
using the unzipping mapper to determine the occupancies of RNAP and
dCas, whichwere both found to be >90%. Subsequently, transcription
was resumed by the introduction of NTPsinto the sample chamber and
wasthenquenched after 135 s, which should have been sufficient time to
allow most RNAPs to reach the bound dCas while limiting spontaneous
dCas9 dissociation (Extended DataFig. 2). Subsequently, the locations
of bound proteins were detected using the unzipping mapper.
Unzipping traces taken after the NTP chase fell into several cat-
egories due to asynchronization of the RNAP population as a result of
the stochastic nature of RNAP motion (Extended DataFig. 3). Figure 2b
shows representative traces of this assay when transcription approached
dCas9 from the PAM-distal side. One example shows that a force peak
was detected immediately before the dCas9 force peak, suggesting that
RNAP stalled after colliding with dCas9 but was unable to remove dCas9.
Another example trace shows that the only detected bound proteinwas
downstream of dCas9, possibly due to RNAP having elongated forward
after removing dCas9, but not having reached the template end. Incon-
trast, when RNAP encountered dCas9 from the PAM-proximal end, most
traces showed tworisesin forceataround 30 bp and 6 bp, respectively,
before the PAM site (Extended DataFigs. 3 and 4b), consistent with RNAP
stalling after collision with dCas9 but unable to remove dCas9. We also
carried out a similar experiment to examine transcription through
dCasl2a (Extended Data Figs. 3 and 4c,d) and obtained a similar result.
These traces show very different transcription behaviors between
the PAM-distal and PAM-proximal collisions and demonstrate that a
bounddCasisapolarbarrier to transcription. Toaccurately determine

Fig.1|High-resolution maps of dCas interactions with DNA using the DNA
unzipping mapper. a, DNA unzipping mapper configuration. An unzipping
template s tethered at one end to the surface of a coverslip of a sample chamber
and at the other end to a polystyrene bead held in an optical trap. Using the
optical trap, the bead is moved relative to the surface, progressively unzipping
the DNA until the unzipping fork reaches abound protein, which resists
unzipping, leading to a distinct rise in force. The location of the rise in force is
used to map the proteinlocation. b, Representative unzipping traces (red) of
bound dCas9 (top), bound dCas12a (middle) and a paused TEC (bottom), along
with naked DNA traces (black). The DNA was unzipped from either direction

(black arrows) relative to the bound protein for each protein. Two conformations
were detected when abound dCasl12a protein was unzipped from the PAM-distal
side, shown as light blue and red. The two dashed lines bracket the expected
gRNA-DNA hybrid locations for dCas9 or dCas12a and the expected RNA-

DNA hybrid ofa TEC. The red arrows indicate locations where the unzipping
force dipped below the naked DNA baseline. ¢, Hypothesized mechanism for
transcription read-through from the PAM-distal side. Note that gRNA hybridizes
with the TEC template and nontemplate strand for abound dCas9 and dCas12a
complex, respectively. Source data containing traces for b are provided.
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transcription read-though from each side of abound dCas, we carried
outseveral control experiments to obtain the probability of atemplate
initially not having a bound RNAP or dCas protein (Supplementary

Table 1) and the probabilities of spontaneous dissociation of RNAP
or dCas (Extended DataFig. 2c,e). These probabilities were taken into
accountinthe final read-through analysis (Extended Data Fig. 5).
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Fig.2| A quantitative assay for transcription read-through ofabound dCas
complex. a, Flowchart of a single-molecule transcription assay for a given
sample chamber. Some DNA tethers were used as controls to assay bound
protein locations before NTP addition. Other tethers were used to assay bound
protein locations after an NTP chase time of At =135 s. DNA was always unzipped
inthe same direction as RNAP translocation. b, Representative traces of RNAP
encountering abound dCas9 from the PAM-distal side. An example control trace
is shown with RNAP and bound dCas9 detected at their expected locations.
After NTP addition, example traces of RNAP are shown colliding with dCas9 and
reading through dCas9. Naked DNA traces are shown in black. ¢, Transcription
read-through efficiency for RNAP encountering abound dCas from either the
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PAM-distal side or the PAM-proximal side. Results from both dCas9 (top) and
dCasl2a (bottom) are shown. For each sample chamber, both control traces

and noncontrol traces were taken to obtain the read-through efficiency for that
chamber. Each type of experiment was repeated using n biologically independent
sample chambers: dCas9 PAM-distal, n = 6 (-GreB) and n = 6 (+GreB); dCas9
PAM-proximal, n=5(-GreB) and n =5 (+GreB); dCas12a PAM-distal, n = 5 (-GreB)
and n =5 (+GreB); dCas12a PAM-proximal, n = 6 (-GreB) and n =5 (+GreB). Read-
through values were calculated for each sample chamber (black dots) and the
mean and s.e.m. of these repeats are also shown. Source data containing traces
for band transcription read-through values for c are provided.

Using this method, we found that transcription read-through of
abound dCas9 showed an efficiency of 43% when RNAP approached
dCas9 from the PAM-distal side and was undetectable from the
PAM-proximal side (Fig. 2c). For dCasl2a, theread-through efficiencies
were similar to those for dCas9:47% when RNAP approached dCas12a
from the PAM-distal side and undetectable from the PAM-proximal
side (Fig. 2¢). To further validate these results from single-molecule
studies, we carried out corresponding bulk transcription assays and
the bulk data show a similar extent of polarity (Extended Data Fig. 6).
These findings on the polarity of both the dCas9 and the dCas12a bar-
riers to transcription are consistent with those from previous in vivo
studies®****, while also providing a highly quantitative and controlled
measure of the polarity.

When RNAP encountered a bound dCas but could not read
through it, RNAP probably backtracked****>*, where RNAP reverse
translocates along DNA with its catalytic site disengaged from
the 3’-end of the RNA, rendering transcription inactive®°. E. coli
GreB is a transcription elongation factor that is known to rescue
backtracked complexes”~*°. GreB can stimulate the intrinsic cleavage
activities of RNAP, leading to the removal of the 3’-end of the RNA and

alignment of the newly generated RNA 3’-end with the catalytic site,
reactivating transcription. We thus conducted transcription assays
inthe presence of 1 uM GreB. When RNAP encountered dCas from the
PAM-distal side, the transcription read-through efficiency increased
substantially, from 43% to 70% for dCas9 and from 47% to 73% for
dCasl2a.ltisinteresting that, when RNAP encountered dCas fromthe
PAM-proximal side, the read-through efficiency remained essentially
zero for both dCas9 and dCasl12a. Our bulk transcription assays show
asimilar effect of GreB on the polarity of transcription read-through
(Extended DataFig. 6).

This shows that backtracking was probably the main cause
of RNAP stalling at a dCas roadblock from the PAM-distal side.
Although transcription through a bound dCas from the PAM-distal
side is facilitated by GreB, transcription through dCas from the
PAM-proximal side encounters an almost insurmountable obstacle
and cannotberescued by GreB. Thus, inthe presence of GreB, abound
dCas becomes an even more highly asymmetrical and polar barrier
to transcription. This ultimately results from a bound dCas complex
having an unprotected DNA bubble that canbe rezipped and collapsed
by RNAP.

Nature Structural & Molecular Biology | Volume 29 | December 2022 | 1217-1227

1220


http://www.nature.com/nsmb

Article

https://doi.org/10.1038/s41594-022-00864-x

a
Unzip to locate Flow in Mfd and Wait At Quench Unzip to locate
bﬁizsgggfté@ DAﬁ(X —> bound proteins —> 1mM ATP _— with ATPyS —> bound proteins
(control) (begin Mfd translocation) (stop Mfd translocation) (assay move-through)
b Non- ¢
transcribing PAM-distal PAM-proximal
Unzipping
S < Mfd Mfd
g
3 40
= Protein bound _C‘T‘
= Naked DNA ] o
- -~ Expected dCas9 location 3 20 Minimal
€ move-through
L — o .
T jo))
100 g o &3
[0}
<
jo}
o
=
< PAM-distal dCas12a PAM-proximal
8
2 < Mfd Mfd
=)
=)
e
P =
7 ) L
3 Minimal
= 60 4 ! N GE) move-through
9; 1 [} .
g 40 - ! )g g =
S 204 e . ] .
Lo T T T T T o
o

-300 -200 -100

Position from PAM (bp)

Fig.3|Mfd moving through abound dCas complex. a, Flowchart of asingle-
molecule Mfd translocation assay. Some DNA tethers were used as controls to
assay bound protein locations before ATP addition. Other tethers were used to
assay bound protein locations after an ATP chase time of A¢ = 8 min. During the
ATP chase, Mfd was able to translocate along DNA, probablystill interacting
withanontranscribing RNAP. DNA was always unzipped in the same direction
as Mfd translocation. b, Representative traces of Mfd colliding with dCas9

and moving past dCas9, when approaching dCas9 from the PAM-distal side.
Naked DNA traces are shown in black. ¢, Mfd move-through efficiency for Mfd

encountering abound dCas from either the PAM-distal side or the PAM-proximal
side. Results from both dCas9 (top) and dCas12a (bottom) are shown. For each
sample chamber, both control traces and noncontrol traces were taken to obtain
the move-through efficiency for that chamber. Each type of experiment was
repeated using n = 6 biologically independent sample chambers. Move-through
values were calculated for each sample chamber (black dots), and the mean value
ands.e.m. of these repeats are also shown. Source data containing traces for b
and Mfd move-through values for c are provided.

A DNA translocase exhibits the same polarity

Animportant prediction of the hypothesized mechanism is that a
bound dCasshouldbe apolarbarrier not just to RNAP, but to any DNA
translocase capable of rezipping downstream DNA. To test this pos-
sibility, we required a translocase to approach abound dCas from a
defined direction. E. coliMfd met this requirement because it interacts
with a TEC stalled at a defined location, making it possible to control
the positionand orientation of translocation®**°"*2 In the presence of
ATP, Mfd canbind to the stalled TEC and forward translocate to disrupt
the TEC, before processively continuing translocation in the same
direction as the disrupted TEC.

Using this method of loading Mfd onto DNA, we found that, in~-85%
of traces thatinitially contained a TEC, Mfd remained associated with
DNA and translocated processively along DNA over along distance at
arate of 2.2 bp s (Extended Data Fig. 7). The nontranscribing RNAP
was presumably associated with Mfd****~%, although its conformation
remains undetermined. This control experiment demonstrates that
Mfd can serve as a translocase and approach a bound dCas with the
start and end of the translocation under the control of the ATP chase
and quench.

To examine whether Mfd experiences a bound dCas as a polar
barrier, we performed experiments similar to those presented in Fig. 2,
except with an active Mfd instead of RNAP (Fig. 3a). As Mfd trans-
location is substantially slower than RNAP translocation (compare
Extended Data Figs. 2b and 7b), Mfd was allowed to translocate for

480 s, so that most Mfd should reachabound dCas before the reaction
was quenched. The outcomes of Mfd collision with dCas9 were then
assayed using the unzipping mapper.

Figure 3b shows example traces of Mfd approaching dCas9 from
the PAM-distal side. One example trace shows a force peak detected
before dCas9, consistent with Mfd not having reached the bound dCas.
A second example trace shows a force peak detected immediately
before a bound dCas9, consistent with Mfd colliding with dCas9. A
third example trace shows abound protein detected downstream of the
dCas9-binding site, consistent with Mfd-mediated removal of dCas9
and continued translocation.

We classified the tracesinto different categories to determine Mfd
move-through efficiency when Mfd encountered dCas9 or dCas12a
from either the PAM-distal side or the PAM-proximal side (Fig. 3c and
Extended Data Fig. 5). For either dCas, Mfd move-through efficiency
was ~20% when encountering the bound dCas from the PAM-distal side
and undetectable when encountering dCas from the PAM-proximal
side. Thus, Mfd senses the same polarity as RNAP, providing strong evi-
dence for the hypothesized mechanism of the dCas roadblock polarity.

We also noted that, when encountering a dCas from the PAM-distal
side, Mfd showed a lower move-through efficiency than RNAP. We
attribute this to the difference in the stability of two motor proteins
whenworking againsta strong roadblock. Although RNAP can remain
stably bound to the substrate, thus allowing for multiple attempts
to overcome the barrier, Mfd may tend to dissociate when working

Nature Structural & Molecular Biology | Volume 29 | December 2022 | 1217-1227

1221


http://www.nature.com/nsmb

Article https://doi.org/10.1038/s41594-022-00864-x

a b
PAM-distal PAM-proximal
3-nt mismatch Unzipping ; ' Unzipping
w5 o
ogs 1
Unmodified = 7-ntinverted repeat gRNA :
— Unmodified gRNA 1
1

25

=— Naked DNA

5-nt inverted repeat 5
20 -

Force (pN)

6-nt inverted repeat

Expected R-loop boundaries

-120
7-nt inverted repeat

PAM-distal

Percentage read-through

& & &

J o AQ} A?}
"’ SO
N Q <
< o A

<&
©
&
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via gRNA modifications. a, Cartoons depicting the four types of modified
gRNA. b, Representative unzipping mapper traces that highlight the force
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gRNA. ¢, Transcription read-through efficiency for RNAP encountering a
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always unzipped in the same direction as RNAP translocation. For each sample
chamber, both control traces and noncontrol traces were taken to obtain the
read-through efficiency for that chamber. Each type of experiment was repeated
using n biologically independent sample chambers: dCas9 PAM-distal, n=6
(3-nt mismatch), n =6 (unmodified), n=5(5-ntIR), n=8 (6-ntIR) and n = 8 (7-nt
IR); dCas9 PAM-distal, n =5 (3-nt mismatch), n = 5 (unmodified), n =5 (5-ntIR),
n=6(6-ntIR) and n =5 (7-ntIR). Read-through values were calculated for each
sample chamber (black dots) and the mean value and s.e.m. of these repeats are
also shown. Source data containing traces for b and transcription read-through
values for c are provided.

against a strong roadblock®, reducing its opportunity to continue to
work against the barrier.

Modulation of transcription roadblock read-through

Our dataalso suggest strategies to modulate dCas roadblock polarity
to transcription. For example, transcription read-through from the
PAM-distal side of adCas complexrelies on disruption of the R-loop and
collapse of the DNA bubble, which critically depend on gRNA interac-
tionswithDNA. Thus, ifagRNA canbe modified toincrease or decrease
the stability of the R-loop, then transcription read-through may be
downregulated or upregulated.

To increase the stability of the R-loop of a bound dCas9, we
extended the 5’-end of the original gRNA with an inverted repeat
sequence (Fig. 4a). This modified gRNA could form an extended
R-loop that straddles across the DNA bubble’s two strands. For RNAP

totranscribe through dCas9 complex containing this modified gRNA,
RNAP must disrupt both the RNA-DNA hybrid on the template strand
and the RNA-DNA hybrid on the nontemplate strand. The reinforced
resistance by the two RNA-DNA hybrids should make it more difficult
for RNAP torewind and collapse the DNA bubble of the dCas9 complex.

We examined how such a modified gRNA impacted dCas9 bind-
ing to DNA by unzipping through the bound dCas9 using the unzip-
ping mapper. Figure 4b shows one set of example traces of a bound
dCas9 containing a gRNA with a 7-nt inverted repeat sequence at the
5’-end. Although this modified gRNA resulted in little change in the
force signature for unzipping from the PAM-proximal side, the drop
inforce that was observed with the original gRNA for unzipping from
the PAM-distal side was no longer present and the unzipping force at
the expected hybrid location was slightly above that of the naked DNA
baseline. This observation provides evidence for the presence of an
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Fig. 5| Theremoval of dCas mediated by RNAP invasion of the dCas R-loop.

a, RNAP collision with dCas9 from the PAM-proximal side without dCas9 removal.
Top, an example unzipping trace. Bottom, force peak locations of RNAP and
dCas9. The dashed lines indicate the expected RNAP force peak position when
RNAP contacts dCas9 (Extended Data Fig. 1a). Each box plot represents the 25th—
75th percentiles of force peak positions of nbiologically independent traces with
error barsindicatings.d.: n = 88 (3-nt mismatch), n = 114 (unmodified), n =103
(5-ntinverted repeat (IR)), n =108 (6-nt IR) and n =103 (7-nt IR). b, RNAP collision
with dCas9 from the PAM-distal side without dCas9 removal. Top, an example
unzipping trace showing the stalled RNAP and dCas9 force peaks. Bottom, force
peak locations of RNAP after collision with dCas9. Each box shows the 25th-75th
percentiles of force peak position distribution with error barsindicating s.d.:
n=14 (3-nt mismatch), n =77 (unmodified), n = 83 (5-ntIR), n =157 (6-nt IR) and

n=163 (7-ntIR).c, RNAP collision with dCas9 from the PAM-distal side with dCas9
being removed. Top, an example unzipping trace showing the stalled RNAP

force peak with the dCas9 force peak being absent. Bottom, force peak locations
of RNAP and dCas9. Each box shows the 25th-75th percentiles of force peak
position distribution with error bars indicating s.d.: n =23 (3-nt mismatch), n = 22
(unmodified), n =12 (5-ntIR), n =15(6-ntIR) and n =12 (7-nt IR). d, Efficiency of
dCas9 removal with different gRNA modifications. The percentage with removal
due to transcription read-through (gray, from Fig. 4c) and the percentage with
removal but without read-through (red) are stacked. The percentage dCas
removal values were calculated for each sample chamber (black dots), and the
mean value and s.e.m. of these repeats are also shown. The same data as in Fig. 4c
were used for this analysis, so the sample statistics are identical to those for

Fig. 4c.Source data for a-d are provided.

R-loop that bridges the two DNA strands due to the presence of modi-
fied gRNA complexed with the bound dCas9. For the unzipping fork
to proceed, the RNA-DNA hybrids formed at both DNA strands must
be disrupted, elevating the force required for unzipping. Although
thisgRNA sequence could also formashort RNA hairpinat the 5-end,
about 70% of the unzipping traces did not show a drop in force when
unzipped from the PAM-distal side, as in Fig. 4b, suggesting that the
RNA configuration that straddles the DNA fork may be more stable
than that with an RNA hairpin.

We have also determined how dCas9 containing such a modified
gRNA modulates transcription read-through by repeating the assays
outlined in Fig. 2 using extended gRNAs containing a 5-nt, 6-nt or 7-nt
inverted repeat (Fig. 4c and Extended Data Figs. 2e and 8). For all three

modified gRNAs, transcription read-through from the PAM-proximal
side remained essentially zero, whereas transcription read-through
from the PAM-distal side decreased from 43% to 18%, 10% and 10%
for the 5-nt, 6-nt and 7-nt inverted repeat gRNA, respectively. To test
whether the observed PAM-distal barrier enhancement was merely
aresult of the extension of the gRNA, we conducted control experi-
ments using a gRNA with an extension that is not complementary to
the unmodified gRNA, so that the extended sequence cannot hybrid-
ize with the DNA bubble of abound dCas9 or DNA in the vicinity. It is
interesting that we detected a notable increase in read-through from
the PAM-distal side without any detectable change in read-through
from the PAM-proximal side, suggesting that the extended noncom-
plementary sequence hangs away from the R-loop of a bound dCas9
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Fig. 6| Mechanism of CRISPR roadblock polarity to transcription. When

RNAP encounters abound dCas from the PAM-distal side, RNAP may rezip the
DNA bubble of the bound dCas, leading to R-loop disruption and DNA bubble
collapse. The subsequent dCas removal allows transcription read-through. In

RNAP invades dCas protein and
stalls; dCas dissociates

contrast, when RNAP encounters abound dCas from the PAM-proximal side, the
DNA bubble of the bound dCas is not directly accessible to RNAP, making the
dCasastrong barrier to transcription. Note that this mechanismisillustrated
using a dCas9 cartoon, but the same mechanismalso applies to dCas12a.

and facilitates the start of RNA-DNA separation during RNAP invasion
(Extended Data Fig. 9). Thus, the barrier enhancement from a modi-
fied gRNA with an inverted repeat should not be a result of the mere
extension of the gRNA.

To determine whether transcription read-through from the
PAM-distal side of abound dCas9 can also be upregulated, we intro-
duced a3-nt mismatch to the gRNA at its 5’-end (Fig. 4c and Extended
DataFig. 8). This mismatch should weaken the RNA-DNA hybrid, mak-
ingiteasier for RNAP torezip the DNAin the bubble by disrupting the
RNA-DNA hybrid. Indeed, we found that transcription read-through
from the PAM-distal side increased from 43% to 61% with the 3-nt mis-
match gRNA. Theincreasein the read-through efficiency alsoreflectsa
weakened binding of dCas9. Consistent with this, we found thatabound
dCas9 containing a 3-nt mismatch showed amuch faster spontaneous
dissociationrate thanabound dCas9 containing an unmodified gRNA
(Supplementary Table 2 and Extended Data Fig. 2e).

Collectively, these results clearly show that transcription
read-through from the PAM-distal side of dCas9 can be considerably
impacted via gRNA modifications. This finding also serves as strong
evidence for R-loop disruption and DNA bubble collapse as a mecha-
nism of transcription read-through.

Modulation of transcription roadblock removal

Thus far, we have characterized the polarity of the dCas roadblock to
transcription read-though, which requires the removal of the roadblock
by RNAP, followed by transcription through the dCas-binding site.
An alternative characterization of the roadblock polarity is the
efficiency of transcription roadblock removal, which requires
the removal of the roadblock by RNAP but does not require RNAP to
read through the dCas-binding site. Roadblock removal may be
more relevant to applications that require knowledge of whether the

roadblockisstillbound, because removal of the roadblock could signal
more efficient accessibility by subsequent processes to the blocked
region.

Roadblock removal includes transcription read-through and an
additional scenario where RNAP collided with and removed the dCas,
but then stalled. To examine this, we focused on transcription data
with an RNAP force signature near the expected dCas9-binding site,
corresponding to stalled RNAP after collision with dCas9 (Fig. 5). Note
that these traces did not resultin read-through.

For PAM-proximal collisions, all traces showed bothabound RNAP
and a dCas9 (Fig. 5a), indicating that, although RNAP collided with
dCas9, RNAP could not removeit. Traces in this category showed aforce
signature consistent with the footprint of RNAP having no overlap with
that of dCas9 (Extended Data Fig.1a). The spread in the RNAP position
may be aresult of RNAP backtracking after collision with dCas9.

For PAM-distal collisions, the traces fall into two distinct catego-
ries. Just as with the PAM-proximal collisions, one category of traces
shows both a bound RNAP and a dCas9 (Fig. 5b), consistent with the
footprint of RNAP having no overlap with that of dCas9. However, the
other category of traces shows only abound RNAP, indicating that, after
RNAP collided with dCas9, RNAP removed dCas9, but was then stalled
inthe process (Fig. 5c). Inthese traces, the footprint of RNAP showed a
clear overlap with the expected dCas9 footprint, indicating substantial
invasion of RNAP into the dCas complex, which was subsequently dis-
sociated. It is interesting that the distance of this invasion decreases
withanincrease in the stability of the R-loop of dCas9. For example, for
adCas9 complex witha3-nt mismatched gRNA, theinvasionwas about
7 ntinto the R-loop of dCas9, whereas for a dCas9 complex witha 7-nt
inverted repeat gRNA, thereis minimalinvasion. These datashow that,
the weaker the R-loop of dCas9, the easier itis for RNAP to invade and
rezip the DNA bubble of dCas9, ultimately removing dCas9. Consistent
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with this, the fraction of collision traces with dCas9 removed also
decreased with anincrease in the R-loop stability of dCas9 (Fig. 5d).
The overall roadblock removal efficiency, considering both the
collisiontraces and theread-throughtraces, shows that dCas9 removal
isalso polar (Fig. 5d). In comparison with the read-through efficiency
(Fig.4c), the roadblock removal efficiency shows aneven greater polar-
ity and this polarity can also be modulated viamodification of the gRNA
(Fig.5d) and transcription factors, such as GreB (Extended Data Fig.10).

Discussion

Tofully realize the potential of CRISPR technology, itis crucial to obtain
anin-depth mechanistic understanding of Cas-binding stability. Using
the CRISPRi system, this work presents high-resolution structural fea-
tures of dCas-DNA interactions, elucidates the nature of dCas removal
by motor proteins and details the highly tunable nature of dCas removal
through modifications of the gRNA.

We discovered a mechanistic explanation for the roadblock
polarity that dCas presents to transcription in CRISPRi (Fig. 6). When
approachingabound dCas from the PAM-distal site, RNAP may be able
toremove the dCas by disrupting the R-loop, rezipping the DNA bubble
and removing the dCas. In contrast, when approaching abound dCas
from the PAM-proximal site, the R-loop is inaccessible to RNAP and
thus RNAP seems to encounter an insurmountable obstacle. We show
that this explanation for the polarity holds for both dCas9 and dCas12a,
which have their target sequences of gRNA located at the 5’-end and the
3’-end, respectively. We also predicted that other dsDNA translocases
should sense the same roadblock polarity as RNAP and verified this
prediction using Mfd. We further demonstrate that both transcrip-
tion read-through and roadblock removal by transcription from the
PAM-distal side can be modulated by gRNA modifications that alter
the R-loop stability of abound dCas9 complex.

We also show that GreB can facilitate RNAP read-through when
RNAP encounters a bound dCas from the PAM-distal side, but has no
detectable effect on read-through when RNAP encounters a bound
dCas from the PAM-proximal side, demonstrating that dCasis a highly
asymmetrical and polar barrier to transcription. In vivo, other tran-
scription factors may interact with RNAP to either up- or downregulate
transcription read-through.

In addition to CRISPRi, dCas complexes have also been used
to hinder replication. In contrast to transcription, this hindrance
was not found to be polar®®. Our proposed mechanism allows for
both the presence of polarity for transcription and the absence
of polarity for replication. For RNAP to read through a dCas road-
block from the PAM-distal side, RNAP must rezip the DNA downstream
to collapse the R-loop of the dCas complex, and thus the ability
torezip is crucial for read-through. In contrast, a replisome relies
onits helicase to unzip DNA to separate strands and, therefore, cannot
rezip to collapse the R-loop of a bound dCas complex. To our knowl-
edge, this is the first mechanistic explanation of these apparently
disparate findings of dCas roadblock polarity for transcription and
replication.

Beyond CRISPRi, dCas proteins are used ina host of other cellular
applications. Forexample, they can be fused to other proteins to direct
them to specific loci. In those applications, understanding stability
and tuning the dwell time of dCas are integral to the sensitivity and
efficiency of the assays*®*. Our findings suggest that inverted repeat
modifications of gRNA sequences may increase the overall stability of
dCas9 and improve this technology.

Besides engineered dCas proteins, naturally occurring Cas pro-
teins without any inherent nuclease activity are known to direct DNA
transposition. In these transposon-associated CRISPR-Cas systems,
Casbindingis followed by recruitment of multiple other enzymes that
then direct transposition. These systems have been repurposed for
geneediting*®°. The stability of bound Cas complexesin these systems
should be governed by the same mechanism described in the present

study and modulation of this stability could optimize the efficiency of
transposition and gene editing.

Although our work focuses on dCas proteins, these findings may
also have broader implications for gene editing. For example, when
insertions/deletions are created via nonhomologous end-joining
(NHE)), gene editing may be enhanced by removal of post-cleavage
Cas9 viatranscriptionmachinery, which exposes adouble-strand break
for repair by NHEJ*'. However, this removal may not be desirableif the
goal is to utilize homology-directed repair (HDR) to perform precise
edits. Cas9 removal may contribute to the observed high probability
of the NHEJ pathway selected over the HDR pathway***, Cas nuclease
removal can also probably be modulated using the same strategy of
gRNA modifications as we demonstrated here. Successful modulation
of Cas9 removal efficiency may offer better control over the partition
between the HDR and NHE] pathways.

The present study represents a mechanistic explanation of dCas
roadblock polarity and demonstrates the importance of R-loop stabil-
ity. Our work suggests two avenues that impact Cas binding: stability
of the R-loop and access to the R-loop. Strategies for optimizing and
customizing Cas binding may include modifications to the gRNA to
alter the gRNA-DNA interactions and modulation of protein-DNA inter-
actions to regulate R-loop accessibility. Understanding Cas-binding
stability also provides aframework toimpact the efficiencies of CRISPR
applications.
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Methods

Protein purification

E. coli RNAP was purified using tagged purification®***, Briefly,
RNAP was expressed at low levels in Sa-competent E. coli (Invitro-
gen, catalog no. 18265-017) transformed with the plasmid pKAl in
Superbroth (25 g1 of tryptone (Sigma-Aldrich, catalog no. T2559),
15 g 1™ of yeast extract (Sigma-Aldrich, catalog no. Y1626), 5g 1™ of
NaCl (Sigma-Aldrich, catalog no. S3014) with 100 pg mI™ of ampicil-
lin (Sigma-Aldrich, catalog no. A0166)) for 4 h until the absorption at
600 nm (ODy,) reached 2.1. Cells were induced with isopropyl 3-D-
1-thiogalactopyranoside (IPTG; RPI, catalog no. 156000-50) to a final
concentration of 1 mMfor 4 h. Cells were lysed and sonicated onicein
smallaliquots (<20 ml). withamacro-tip onaBranson Sonifier 250 and
60% duty cycle. Sonicated cells were centrifuged to pellet cell debris
and the pellet was discarded. To precipitate nucleic acids and their
bound proteins out of solution, cleared 5% (w/v) polyethyleneimine
(PEI), pH 7.9 (made from 50% stock; Sigma, catalog no. P3143) was
slowly added to the supernatant to afinal concentration of 0.4% (w/v).
The DNA withbound RNAP was pelleted from the solution, washed 5x
with abuffer containing 350 mM NacCl (J.T.Baker, catalog no. 4058-01)
and RNAP was eluted from the PEI and DNA with a buffer containing
1M NacCl. The eluted RNAP was purified to homogeneity with chro-
matography using three columns: a HiPrep Heparin FF 16/10 column
(GE Healthcare, catalog no. 28-9365-49), a HiPrep 26/60 Sephacryl
S-300 HR column (GE Healthcare, catalog no. 17-1196-01) and a QIA-
GEN Ni-NTA Superflow column (catalog no. 30410). Fractions that
contained holo-RNAP were pooled, concentrated and dialyzed into
RNAP storage buffer (50 mM Tris-HCI, pH 8.0 (J.T.Baker, catalog nos.
4103-01 and 4109-01), 100 mM NaCl, 1 mM EDTA (Invitrogen, catalog
no.15508-013) 50% (v/v) glycerol ().T.Baker, catalog no.4043-00) and
1mM dithiothreitol (DTT; Invitrogen, catalog no. 15508-013)) and
ultimately stored at —20 °C.

E. coli GreB was purified using tagged purification®. Briefly, Plas-
mid pES3, encoding GreB-6xHis in pET-28b(+) (4), was transformed
into BL21(DE3) (Invitrogen, catalog no. 44-0049) cells for protein
overexpression. Cells were grown at 37 °C in Luria broth (Affymetrix,
catalog no. 75854) with 50 ug ml™ of added kanamycin (Sigma, catalog
no.K0254) at 37 °Cuntil the OD,,, was between 0.6 and 0.8; induction
was then carried out with1 mMIPTG (Roche, catalog no.10724815001).
After3 hat37°C, cells were harvested by centrifugation and stored at
-80 °C. To purify GreB, cells were thawed on ice and resuspended in
GreB lysis buffer (50 mM Tris-HCI (Thermo Fisher Scientific, catalog
nos. BP154 and BP153), pH 6.9,500 mM NaCl (Thermo Fisher Scientific,
catalogno.BP358) and 5% v/v glycerol (Thermo Fisher Scientific, cata-
log no. BP229)), using lysozyme (300 pg ml™; Sigma-Aldrich, catalog
no. 10837059001) and EDTA-free protease inhibitor cocktail (Roche,
catalogno.11873580001). The cellswere placed onice for1 hand then
briefly sonicated for more complete lysis. The extract was centrifuged
(24,000gfor20 minat4 °C) and twice passed through a 0.45-pm filter.
An Ni-NTA agarose (Invitrogen, catalog no. R90115) column was used
for GreB isolation and GreB lysis buffer with 200 mM imidazole was
used for elution. The eluate was then run on a Superdex 200 column
(Cytivia, catalog no. 28990944) with elution buffer (10 mM Tris-HClI,
pH 8.0, 500 mM NaCl,1mM DTT, 1 mM EDTA and 5% v/v glycerol).
Dialysis was performed into GreB storage buffer (10 mM Tris-HCI, pH
8.0,200 mM NaCl,1mM DTT, 1 mM EDTA and 50% v/v glycerol) and
stored at -80 °C after a flash-freeze in liquid nitrogen.

E. coliMfd was purified using tagged purification®. Briefly, a pET
plasmid was used to overexpress Eco Mfd withits amino terminus His,
tagged. This plasmid was transformed via heat shock at 42°Cfor40 s
into Rosetta(DE3) pLysS cells (Novagen, catalog no. 70956-M); 1 mM
IPTG (Goldbio, catalog no.12481C) was added to cells (OD¢, = 0.67) for
4 hat30 °Ctoinduce protein expression. For harvesting, cells were cen-
trifuged and pellets were resuspended in alysis buffer (50 mM Tris (MP,
catalog no.103133), pH 8.0, 500 mM NaCl (Thermo Fisher Scientific,

catalogno.S271-500),15 mMimidazole (MP, catalog no. 02102033-CF),
10% (v/v) glycerol (Thermo Fisher Scientific, catalog no. BP2294),2 mM
B-mercaptoethanol (3-ME; Sigma-Aldrich, catalog no. M6250), 1 mM
phenylmethylsulfonyl fluoride (Sigma-Aldrich, catalog no. P7626)
and protease inhibitor cocktail (cOmplete, EDTA-free; Roche, catalog
no. COEDTAF-RO)) and subsequently lysed on a French press. Lysate
was flown over a Ni*"-charged Hitrap IMAC column (Cytiva, catalog
no.17524802) and eluted over the course of a0-to 200-mM imidazole
gradient. Post-nickel column dialysis was performed inabuffer contain-
ing 20 mM Tris, pH 8.0, 100 mM NaCl, 10% (v/v) glycerol, 5 mM EDTA
(Sigma-Aldrich, catalog no. E5134) and 10 mM B-ME, and the dialyzed
sample wasloaded ontoaHitrap Heparin column (Cytiva, catalog no.
28-9893-35). Elution was performed over the course of a100-mM to
2-MNaClgradient, and the resulting sample was further purified ona
HiLoad 16/600 Superdex200 size exclusion chromatography column
inabuffer containing 20 mM Tris, pH8.0,500 mMNaCland 10 mMDTT
(Goldbio, catalog no. DTT10). Glycerol was added to the purified Mfd
to reach a final concentration of 20% (v/v) and the sample was flash
frozeninliquid nitrogen and finally stored at —80 °C.

Guide RNA preparation

Cas9 single guide RNAs were custom synthesized by Sigma-Aldrich,
and purified using 8% denaturing urea polyacrylamide gel electro-
phoresis (urea-PAGE), similar to previous descriptions'®*, Casl2a
gRNA was prepared by cloning the Cas12a gRNA sequence®” (Sup-
plementary Table. 2) into a pUC19 plasmid, containing a T7 promoter
and adownstream hepatitis delta virus (HDV) ribozyme sequence’, by
site-directed mutagenesis (Supplementary Table 3). T7 transcription
templates were generated from the cloned plasmids via PCR with Q5
DNA polymerase (New England Biolabs (NEB), catalog no. M0491).
Invitro transcription was performed for each template by incubation
with T7 RNAP (NEB, catalog no. M0251) at 37 °C for 3 h, followed by
incubation at 65 °C for 20 min to promote ribozyme cleavage and leave
a3’-cyclic phosphate. Products were dephosphorylated with T4 PNK
(NEB, catalog no. M0201) and purified by urea-PAGE.

Single-molecule DNA unzipping templates

Single-molecule DNA unzipping templates were generated from a
pRL574 plasmid, which contains a T7Al1 promoter (Supplementary
Tables 3 and 4). The PAM-distal Cas9 template was identified in pRL574,
309 bp from the +20. To generate templates for the remaining three
templates (Cas9 PAM-proximal, Cas12a PAM-proximal and Cas12a
PAM-distal), an~60-bp region of pRL574 was modified viasite-directed
mutagenesis using a protocol from NEB and Q5 DNA polymerase (Sup-
plementary Table 3). For each template, we substituted a 63- or 64-bp
DNA segment at290 bp fromthe +20 for Cas9 or both Cas12atemplates,
respectively (Supplementary Table 4). The substituted DNA segment
contained the relevant target sequence and PAM as well as 20 bp of
conserved flanking DNA on either side.

Four DNA unzipping segments were amplified by PCR, digested
with Dralll (NEB, catalog no. R3510), leaving a single-strand (ss)DNA
overhang (TAG) and purified by 0.8% agarose gel electrophoresis
(Supplementary Table 4). These templates were used as transcription
templates and for PAM-distal dCas and upstream RNAP mapping. Two
additional reversed unzipping segments were used for PAM-proximal
dCasand downstream paused transcription complex (PTC) mapping,
and generated by PCR and digested with AIwNI (NEB, catalog no.R0514;
Supplementary Table 4). These DNA segments were then each ligated
to a pair of dsDNA arms containing a CTA overhang at their junc-
tion*?°, Both DNA arms were amplified by PCR from pBR322 (NEB,
catalog no.N3033) and digested by BamHI. One arm was end-labeled
with biotin and the other with digoxigenin through separate Klenow
reactions with biotin-14-dATP (Invitrogen, catalog no.19524016) and
digoxigenin-11-dUTP (Roche, catalog no.11093088910), respectively.
Eacharmwas digested with BsmBi-V2 (NEB, catalogno.R0739S), ligated
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to an annealed adapter oligo and gel purified. Finally, the arms were
annealed to each other atan equimolar ratio to create y-arm adapters
suitable for ligation of an unzipping segment. All oligonucleotide
sequencesrequired for template creation are listed in Supplementary
Table 3.

Protein complex formation for single-molecule experiments
PTC was formed in bulk on an unzipping template which contained
a promoter in the unzipping segment. The complex was paused at
the A20 position via nucleotide depletion®*?°, Briefly, a10-nM DNA
template was mixed with 50 nM RNAP in the presence of 250 uM ApU
(Dharmacon, customized synthesis), 50 uM GTP (Roche, catalog no.
11140957001), ATP (Roche, catalog no.11140965001) and CTP (Roche,
catalog no. 11140922001), 1 U pl™ of Superase-in (Invitrogen, catalog
no.AM2694) in transcription buffer (TB, 25 mM Tris-Cl, pH 8,100 mM
KCl, 4 mM MgCl, (Invitrogen, catalog no. AM9530G), 1 mM DTT, 3%
glycerol (Thermo Fisher Scientific, catalog no. BP229), 150 pg ml™ of
AcBSA (Invitrogen, catalog no. AM2614)). For high-resolution TEC map-
ping experiments, the mixture also contained 1 mM 3’-dUTP (Trilink,
catalog no.N-3005)* which paused the complex at U21. For all experi-
ments, the mixture was incubated at 37 °C for 30 min and then briefly
placed onice. The mixture was quickly diluted 1:100 and immediately
introducedinto aprepared sample chamber. To form dCas-gRNA com-
plex, 50 nM Cas9 sgRNA or 100 nM Cas12a gRNA was denatured in RNA
storage solution (Invitrogen, catalog no. AM7001) at 80 °C for 1.5 min
and then placed onice; 75 nM Sp—dCas9 (NEB, catalog no. M0652) or
300 nM As—-dCasl2a (IDT, off catalog) along with1x TBwas then added.
The mixture was incubated at 37 °C for 10 min and then placed on ice
until introduction into a prepared sample chamber. The dCas-gRNA
complexwas laterintroduced into a single-molecule sample chamber
to allow dCas binding to DNA as described below.

Single-molecule experimental procedures

For allunzipping assays, DNA tethers were formed in asample chamber
consisting of a cleaned glass coverslip as previously described** .
Anti-digoxigenin (Vector Labs, catalog no. MB-7000) in TB at
16.7 ng ml? was introduced into the chamber, allowed to incubate
for 10 min at room temperature (RT) and replaced with 65 pl of TB
with 10 mg ml™ of casein (Sigma-Aldrich, catalog no. C8654). After
10 minatRT, a5-pM DNA template was introduced, allowed to incubate
for 5min at RT and later replaced with 90 pl of TB. Finally, 0.5 pM of
489-nm streptavidin-coated polystyrene beads in TB with 1 mg ml™
of caseinwas introduced and incubated for 10 min and RT. The buffer
wasreplaced with 80 pl of TB. This resulted in DNA templates tethered
between the surface of a coverslip viaa dioxygenin and anti-dioxygenin
connection and a 489-nm bead via a biotin and streptavidin connec-
tion (Fig. 1a).

The dCas-DNA complexes were formed on DNA tethers by intro-
ducing 75 pl of prepared dCas-gRNA complexes (25 pM dCas9-sgRNA
or200 pM dCasl2a-sgRNA) and incubating for 10 min before replacing
the chamber buffer with 90 pl of TB. Forinverted repeat gRNAs, 37.5 pM
dCas9-sgRNA was introduced. For 3-bp mismatched guides, 50 pM was
introduced to ensure a high fraction of bound dCas9 (>90%).

For roadblock assays, PTCs and dCas-DNA complexes were
formed as described using the appropriate unzipping template for
theselected dCas target (Supplementary Table 2). Free dCas proteins
were removed by flushing the sample chamber with 90 pl of TB. Subse-
quently, occupancy of eachbound protein was assessed via unzipping
~40 tethers. For transcription resumption, 75 pl of TB supplemented
with1 MM NTP each (UTP; Roche, catalog no.11140949001) and 1 mM
MgCl, was introduced into the sample chamber. The transcription
reaction was chased for 135 s before being quenched by introducing
120 pl of TB with 4 mM Mg?*" into the chamber. For Mfd translocase
experiments, 75 pl of 166 nM Mfd with2 mM ATP and 4 mM Mg in TB
wasintroducedintothe sample chamber. After 480 s, the reaction was

quenchedby introducing 75 pl of TB with 1 mM adenosine 5’-0-(3-thio)
triphosphate (ATPYS; Sigma-Aldrich, catalog no. A1388) and 5 mM Mg?".
After quenching, the bound proteins were assayed by unzipping 60 or
80 tethers for transcription or translocation reactions, respectively.

Optical trapping measurements

We used asurface-based optical trap setup®® (Fig. 1a). For Figs.1and 4b,
tethers were unzipped at a loading rate of 8 pN s™. For the remain-
ing experiments, tethers were unzipped at a constant velocity of
500 nm ™. Data for all assays were acquired at 10 kHz and decimated
with averaging to 1kHz. Raw force and extension data were used to
obtain the number of base-pairs unzipped viadsDNA and ssDNA elastic
parameters®*, The force versus number of base-pairs unzipped was
then aligned to the expected unzipping theory curve to increase the
accuracy and precision of locating bound proteininteractions®. Data
acquisition and conversion were performed using customized LabView
7 software and all downstream analyses were performed using custom-
ized MATLAB 7 Code.

Theforce peak position of a proteinbound to DNA was identified
as the location of arise in vertical force that deviated from the theo-
retical force versus the number of base-pairs unzipped. Subsequent
to transcription reactions, some force peaks near the RNAP showed a
small but distinct tether-shortening event. This was attributed to the
nascent transcript partially annealing to the exposed ssDNA. For traces
that had this detectable shift, this slight shortening was corrected for
inthelocation of the dCas9 peak.

All optical trapping measurements were performed in a
temperature-controlled room at 23.3 °C. However, the temperature
increased slightly to an estimated 25 °C owing to local laser trap heat-
ing®”. All reactions were also carried out at an RT 0f 23.3 °C.

Calculation of transcription read-through

To accurately quantify the rate of dCas read-through by a translocase
insingle-molecule assays, we needed to take into account the follow-
ing considerations: (1) theinitial state of the traces might vary slightly
fromsample chamber to sample chamber; (2) proteinsinitially bound
to DNA might dissociate through a noncollision mechanism; and (3)
some translocases were inactive or could not reach the collision site.
Therefore, to calculate read-through rate after these considerations,
we used conditional probabilities to determine how each category of
traces changed after chasing.

Before chasing, we classified tracesinto one of four fractions. For
agivensample chamber, the fraction of PTCat A20 and adCas (Fayo,dcas )
was always the dominating fraction, representing typically 90% of
traces, and was measured for each sample chamber. The remaining
traceswere categorized at PTC only, dCas only or neither, with fractions
denoted as Fazg only i» Facas only i@Nd Frak » respectively. These three minor
fractions also contributed to various final observed fractions and their
contributions must be accounted for (Extended Data Fig. 5).

In addition, we found that a small, but notable, fraction of the
TEC and bound dCas9 dissociated during the course of the experiment
in the absence of any translocase activity. We accounted for this by
including the probability of TEC and dCas dissociating through anon-
collision mechanism as Pryap giss aNd Pycys aiss FESPectively (Extended
DataFig.2).

After chasing, traces were categorized into one of seven fractions.
Tracesthatshowed a TECthathad not yetreached the bound dCas were
classified as either with a dCas (Frec ypacas¢) OF Without a dCas
(Frec_up_oniy f)- We classified a trace with a TEC that has not reached dCas
asonewithadetected TEC force peak >60 bp upstream from the dCas
targetsite. Traceswith a TEC < 60 bp upstream from dCas site and with
adCas present were categorized as having had adCas-RNAP collision
(Feonp)- Traces with a TEC < 60 bp upstream from the dCas site but
without a dCas detected were categorized as RNAP having removed
dCas, but then being unable to read through (Fycys rem ¢)- Last, we also
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categorized traces with a TEC downstream of the dCas-binding site
without dCas being present (Frec an ¢), traces with no bound proteins
(Fnax ¢) or traces that consisted of dCas only with no TEC detected
(FdCas,f)-

Duetotheheterogeneitiesin the TEC populationand bound dCas,
notall TEC complexes would encounter abound dCas. We refer to the
probability thatan RNAP initially escaped the A20 translocated toward,
and reached a bound dCas, as the probability of being collision com-
petent, Pcoi comp We can determine this probability from the probability
of TEC being collisionincompetent, that is, the probability thata TEC
was present at A20 or upstream of the dCas, given that RNAP did not
dissociate through a noncollision mechanism. Py comp Can be calcu-
lated as:

_ FTEC_up,dCas_f + FTEC_up_onIy_f
(Fa20,dcas i + Fa20 onty i) — Prnap diss)

PCoII_comp =1

To determine the probability that a TEC was able to read through
adCas, giventhat the TEC was collision competent and neither protein
dissociated due to a noncollision mechanism, we start with the
post-chase naked DNA (Fy, ¢) and RNAP downstream (Frec gq ¢) traces,
and then take into account other pathways that also contributed to
those two final observations. This gives the following equation for
PRead—through:

PRead—through = [FNak_f + FTEC_dn_f - FNak_i
_FAZO,dCasj (PCOILCt)mp(l - PRNAPidiss) + PRNAP,diss)PdCas,diss
_FAZO_onIy_i (PCo]I_comp(l - PRNAP_diss) + PRNAP_diss)
_FdCasionlydeCas’diss

/[FAZO,dCas_iPCo[I_comp(l - PRNAP_diss)(l - PdCas‘)_diss)]

Similarly we can find the probability that a TEC will remove the
dCas from the DNA by also including the fraction of traces where TEC
was found to have removed dCas but was not able to read through
(Facasrem p)- This results in the following equation for Pgemovar:

PRemova] = [FNak_f + FTEC»dnf + FdCas rem_f
—Fnak i
_FAZO,dCasii (PCollicomp(1 - PRNAPidiss) + PRNAPidiss) PdCasidiss
_FAZO_onIy_i (PCo[I_comp(1 - PRNAP_diss) + PRNAP_diss)
_FdCas,onijPdCas,diss]

/ [FAZO,dCasjPCoILcomp(l - PRNAP_diss)(1 - PdCas9_diss)]

For the Mfd collision assays of Fig. 3, the calculation of move
throughisalmostidentical; however, we must replace Prysp gissWith the
observed noncollision-related dissociation of Mfd before translocation
(Pwira_ais9 (Extended DataFig. 7c). We also define the cutoff for Mfd being
collision competent as <70 bp because this corresponds with the
approximate footprint of the complex®. Finally, we did not observe a
population of stalled Mfd near the dCas binding after dCas removal
and the removal efficiency is identical to the move-through
efficiency.

Bulk transcription assays

Bulk transcription assays were done using *’P-labeled RNA, separated
by urea-PAGE***>“*, Four 5’-biotinylated DNA templates, each con-
taining the T7Al promoter and a dCas-binding site, were amplified
from the pRL574 variants using Taq Polymerase (NEB, catalog no.
MO0273). Theresulting templates are detailed in Supplementary Table 5.
The templates were bound to streptavidin-coated magnetic beads
(NEB, catalog no. S1420) at a concentration of 100 nM and mixed by

rotation for 12 hat 4 °C. PTCs were made in a similar fashion, as noted
above for single-molecule assays, by combining 20 nM bead-bound
DNA, 100 nM RNAP, 50 uM CTP, 50 uM ATP, 30 uCi of [a-**P]GTP
(Perkin-Elmer, catalog no. BLUOO6H250UC), 250 uMApUand1U pl™ of
Superase-in, andincubating for 30 minat 37 °C. PTCs were thenimme-
diately washed 3x with TB. Amagnetic tube rack was used to pulldown
PTCsandthe pellet was washed and resuspended in TB. The dCas-gRNA
complexes were formed similarly to single-molecule assays, added to
the washed PTCs (40 nM for dCas9, 250 nM for dCas12a) and incubated
at37 °Cfor10 min. Theresulting PTCs and dCas complexes were then
washed with TB as before to remove free dCas-gRNA. Finally, TECs
primed for collision with bound dCas-gRNA were chased by adding
1 mMNTPs with or without1 uM GreB in TB with 5 mM MgCl, for135s.
The reaction was quenched and transcripts were released from TECs
by adding 1x RNA loading dye (NEB, catalog no. B0363) and 25 mM
EDTA (MP, catalog no. 194822). Magnetic beads were pulled down
using amagnetic rack. The supernatant containing the transcript was
removed, heated to 95 °Cfor10 minand thenimmediately loaded onto
a20-cm 6% urea-PAGE pre-runto 55 °C using a Protean Xi Cell (BioRad).
The gel was dried using a Model 583 gel dryer (BioRad), exposed to a
phosphor screen (FujiFilm) for 12 h and scanned on a Typhoon 700
Imager (Cytiva). Images were linearized usingImageJ and lane profiles
were analyzed using MATLAB.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Relevant Source data for the main text and Extended Data Figs. are
provided with this paper. All other data that support the findings of
the present study are available from the corresponding author upon
reasonable request.

Code availability

Allrelevant code is available upon reasonable request.
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Extended Data Fig. 2| Transcription and dCas binding control experiments.
a, Flowchart of the single-molecule assay for a control experiment to determine
RNAP speed and processivity. b, The mean distance RNAP traveled as a function
of chase time. Nnumber of biologically independent traces were used for analysis
ateachtime point: N=42at65s,N=44at90s,N=65at110s,and N=18 at
120 s. Error bars are SEMs. The gray dashed line is a linear fit, yielding a slope of
15.4 £ 0.6 bp/s for the RNAP speed. ¢, Percent of RNAP remaining on the template
normalized to initial occupancy. N number of biologically independent traces
were used for analysis at each time point: N=58 at 65s, N=65at 90 s, N =104 at
110s,and N=34at 120 s. Error bars are SEMs. The average 96% occupancy (grey
dashed line) indicates that around 4% of RNAP likely dissociated upon chasing

before transcription resumption, but the remaining population remained bound
as RNAP moved down the template. d, Flowchart of the single-molecule assay

for a control experiment to measure the fraction of dCas remaining bound after
theintroduction of transcription conditions. e, % of dCas remaining bound after
the quench. For each sample chamber, both control traces and non-control
traces were taken to obtain the % dCas remaining for that chamber. Each type of
experiment was repeated using N biologically independent sample chambers:
Cas9, N=4 (3-nt mismatch), N=4 (unmodified), N=3 (5-ntIR), N=3 (6-ntIR),

and N =3 (7-ntIR); dCas12a, N = 4 (unmodified). % dCas remaining values were
calculated for each sample chamber (black dots), and the mean value and SEM of
these repeats are also shown. Source DataFile forb, ¢, and e is provided.
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Extended Data Fig. 3| RNAP locations upon collisions with abound dCas
protein for data shownin Fig. 2. Distributions of RNAP force peak locations
after NTP addition for dCas9 (a) or dCas12a (b) for each condition in Fig. 2.
RNAP locations were determined after quenching transcription assays witha
PAM-distal (top) or PAM-proximal (bottom) bound dCas complex. Each dCas
orientation was assayed either in the presence or the absence of GreB during
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chasing. The expected locations of the A20 and the PAM site are indicated as
dashed lines. The RNAP force peak locations were pooled for Nbiologically
independent traces: dCas9 PAM-distal, N = 217 (-GreB) and N = 184 (+GreB);
dCas9 PAM-proximal, N =174 (-GreB) and N =190 (+GreB); dCas12a PAM-distal,
N=160 (-GreB) and N =177 (+ GreB); dCas12a PAM-proximal, N = 214 (-GreB) and
N=192 (+GreB). Source DataFile for all histograms is provided.
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Extended Data Fig. 4 | Representative traces of transcription encountering bound dCasl2adetected at their expected locations. After NTP addition, shown
dCas9 from the PAM proximal side and encountering dCas12a from both are example traces of RNAP prior to encountering the dCas12a (top), RNAP
sides. a, Flowchart of the transcription read-through assay. b, Representative colliding with dCas12a (middle), and RNAP reading through dCas12a (bottom).
traces of RNAP encountering a bound dCas9 from the PAM proximal side. d, Representative traces of RNAP encountering abound dCas12a from the PAM
An example control trace is shown with RNAP and bound dCas9 detected at proximal side. An example control trace is shown with RNAP and bound dCas12a
their expected locations. After NTP addition, shown are example traces of detected at their expected locations. After NTP addition, shown are example
RNAP prior to encountering the dCas9 (top) and RNAP colliding with dCas9 traces of RNAP prior to encountering the dCasl2a (top) and RNAP colliding with
(bottom). ¢, Representative traces of transcription assays with dCas12ain the dCasl2a (bottom). Source Data File for plotsin b-d is provided.

PAM-Distal orientation. An example control trace is shown with RNAP and
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Extended Data Fig. 5| Trace classification for transcription assays. Cartoons
represent the observed states in asample chamber before chase (left) and after
chase (right). Arrows indicate possible transitions between initial and final states.

This diagram informs equations that represent different pathways for transitions
between theinitial and final states as described in methods and is used to solve
for the relevant parameters of read-through and dCas removal.
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Extended Data Fig. 6 | Read-through polarity of dCas9 and dCas12avia

bulk transcription. Shown are results from bulk transcription run-off assays
with bound dCas9 (a) or dCas12a (b) proteins in either the PAM-distal or PAM-
proximal orientation relative to the promoter. Transcription was carried out
with1 mM NTPs in the presence or absence of 1 uM GreB for 135 s before being
quenched with formamide and EDTA to stop the reaction. Transcripts were
assayed by 6% denaturing PAGE gels (Methods). The distance from the +1to the
PAM sequence for the PAM-distal orientation collision was 349 bp for both dCas9
and dCasl2a, while this distance for the PAM-proximal collision was 332 bp for

dCas9 and 333 bp for dCas12a (Supplementary Table 5). The locations of the A20,
dCas collision, and run-off products are indicated with arrows. The transcription
read-throughs from these gels were ~35% without GreB and ~77% with GreB for
PAM-distal dCas9 collisions, ~-6% without GreB and ~6% with GreB for PAM-
proximal dCas9 collisions, ~31% without GreB and ~54% with GreB for PAM-distal
dCasl2a collisions, and ~9% without GreB and ~-8% with GreB for PAM-distal
dCasl2a collisions. We performed an additional transcription gel assay for each
dCas complex, and those gels yielded similar results as shown here. Source Data
File containing uncropped gel scans is provided.
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Extended Data Fig. 7 | Mfd speed and processivity. a, Flowchart of the Mfd only
control experiments. Sample chambers containing TEC paused at 20 are formed
asinFigs.2-5,and dCas was not bound the DNA. In contrast to Fig. 3, tethers
were unzipped while Mfd was translocating to assess Mfd moving in ‘real-time..
b, Mfd translocation versus time. N number of biologically independent traces
were used for analysis at each time point: N=2at0s,N=10at90s,N=21at
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givingaspeed of 2.2 + 0.35 bp/s. ¢, % Mfd remaining bound versus time. Each data
pointis normalized against the fraction of tethers initially containing an Mfd. N
number of biologically independent traces were used for analysis at each time
point: N=5at72s,N=25at137s,N=30at225s,N=31at310s,N=31at398s,
N=15at476s.Error bars are SEMs. Source DataFile for b and cis provided.
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Extended Data Fig. 8 | RNAP locations upon collisions withabound dCas
protein for datashown in Figs. 4, 5. Distributions of RNAP force peak locations
after NTP addition for each conditionin Figs. 4, 5. The locations of the A20 and
the PAM site are indicated with dashed lines. RNAP locations were determined
after quenching transcription assays with a PAM-distal (left) or PAM-proximal

(right) bound dCas complex. The RNAP force peak locations were pooled for
Nbiologically independent traces: dCas9 PAM-distal, N =150 (3-nt mismatch),
N =217 (unmodified), N=151 (5-ntIR), N =282 (6-nt IR), N =295 (7-nt IR); dCas9
PAM-proximal, N=165 (3-nt mismatch), N =174 (unmodified), N =175 (5-ntIR),
N=169 (6-ntIR),and N =167 (7-ntIR). Source DataFile for b and cis provided.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Article

https://doi.org/10.1038/s41594-022-00864-x

N
o
g

o)
o

o
o

N
e

% dCas remaining bound

b PAM Distal

100

601

40/

% dCas Removal

201

PAM Proximal

complementary
801 gRNA

Extended Data Fig. 9 | Transcription read-through and removal efficiency of
abound dCas9 complexed with gRNA containing a 6-nt extension, whichis
not complementary to the target DNA. a, % of dCas remaining bound after the
quench. A control experiment to measure the fraction of dCas9 containing this
modified gRNA (Supplementary Table 2) remaining bound after the introduction
of the transcription conditions, using the method described in Extended Data
Fig.2d. For each sample chamber, both control traces and non-control traces
were taken to obtain the % dCas remaining for that chamber. The experiment was
repeated using N =3 biologically independent sample chambers.

The % dCas remaining value was calculated for each sample chamber (black
dots), and the mean value and SEM of these repeats are also shown. b, The
transcription assay was performed using the modified gRNA for both the PAM-
distal and PAM-proximal orientations. For each sample chamber, both control
traces and non-control traces were taken to obtain the % dCas removal for that
chamber. The experiment was repeated using N = 6 biologically independent
sample chambers. The % dCas removal value was calculated for each sample
chamber (black dots), and the mean value and SEM of these repeats are also
shown. Source DataFile foraandbis provided.
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Extended Data Fig.10 | dCas9 and dCas12aremoval efficiency during
transcription in the presence of GreB. The same data taken for Fig. 2c were
used for this analysis, so the sample trace statistics are identical to those for
Fig. 2c. Out of the removal efficiency, the fraction from traces with removal

dueto transcription read-through (grey) and the fraction from traces with
removal but without transcription read-through (red) are stacked. Black dots are
removal efficiencies calculated for eachindependent replicate. Error bars are
SEMs. Source Data File for these bar graphs is provided.
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