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ABSTRACT: Designer virus-inspired proteins drive the manu- \/jrus-like partides
facturing of more effective, safer gene-delivery systems and simpler R
models to study viral assembly. However, self-assembly of 7 *---e ;,f
engineered viromimetic proteins on specific nucleic acid templates, \ Ui

a distinctive viral property, has proved difficult. Inspired by viral
packaging signals, we harness the programmability of CRISPR-  ° " .
Casl2a to direct the nucleation and growth of a self-assembling /
synthetic polypeptide into virus-like particles (VLP) on specific

DNA molecules. Positioning up to ten nuclease-dead Casl2a

(dCasl2a) proteins along a 48.5 kbp DNA template triggers i
particle growth and full DNA encapsidation at limiting polypeptide dCas12a
concentrations. Particle growth rate is further increased when

dCasl2a is dimerized with a polymerization silk-like domain. Such

improved self-assembly efficiency allows for discrimination between cognate versus noncognate DNA templates by the synthetic
polypeptide. CRISPR-guided VLPs will help to develop programmable bioinspired nanomaterials with applications in biotechnology
as well as viromimetic scaffolds to improve our understanding of viral self-assembly.
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Filament

‘ J irus-like particles (VLPs) mimic the capability of some Casl2a (dCas12a) as a programmable nucleation signal because

viruses to encapsulate and protect genetic material from it binds dsDNA with 50 fM affinity, has a higher DNA binding
degradation by nucleases. We have previously described VLPs specificity than S. pyogenes Cas9,”” and can be directed to
formed by the self-assembly of a triblock polypeptide (C—S,o— multiple sites along the DNA via pooled CRISPR RNAs
B) that functionally mimics the tobacco mosaic virus coat (crRNAs).>
protein' (Figure la, Figure S1). C—S,—B fuses three Self-assembly kinetics were monitored in real-time using the
independent blocks: (1) “C” (~400 aa), a random coil single-molecule DNA curtain assay (Figure 1b).”*** For this,
collagen-like domain that consists mostly of glycine, proline, arrays of DNA molecules (48.5 kbp, derived from l—phage) are
and uncharged polar amino acids;” (2) “Syy”, a silk-inspired affixed to a lipid bilayer via a biotin—streptavidin linkage in a
polymerization domain with the sequence [(AG);QG], that is microfluidic flowcell. Microfabricated chromium barriers are
respogliisble for C-§,—B se.lf-a.ssembly into rodlike struc- used to organize thousands of DNA strands for high-throughput
tures;” " and (3) “B”, a cationic dodecalysine stretch that data collection and analysis. The surface-immobilized DNA is
interacts with nucleic acids and other polyanions.”” C~$,,~B extended for fluorescent imaging via the application of mild

nucleates (without sequence specificity) on double-stranded buffer flow. DNA length was monitored in the experiment

o 3
DNA (dsDNA), albeit with a preference for free DNA ends. because time-dependent DNA contraction is a direct readout of
After rate-limiting nucleation, C—S,,—B filaments grow rapidly VLP filamentation (Figure lc).!

O 19 L.
through elongation, ” similar to the assembly of the tobacco First, we identified the minimal concentrations for efficient

mosaic virus coat protein on genomic ssRNA. encapsidation of individual dsDNA substrates by C—S,,—B

Viral coat protei.ns preferentiallly .encapsulate ‘their own alone. At 100—300 nM, C—S,,—~B monotonically condensed
genomes. They achieve such specificity by encoding one or

more packaging signals along the viral DNA or RNA. These
sequences bind capsid proteins with high affinity'*~"" and
decrease the energy barrier for nucleation, thereby promoting
encapsidation of the viral genome among a vast excess of cellular
nucleic acids.'*"*" We reasoned that designer VLPs can also
leverage a similar packaging signal to enhance nucleation at
specific DNA sites. We chose the catalytically dead CRISPR-
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Figure 1. Synthetic polypeptide C—S,,—B packages DNA into nucleocapsids via molecular self-assembly. (a) Schematic depiction and modular design
of C—S,,—B. (b) Illustration of the DNA curtain assay. Individual DNA molecules are captured on the surface of a lipid bilayer-passivated flowcell and
extended by gentle buffer flow. (c) Representative kymographs showing condensation of individual DNA strands (green) at different rates determined
by C—S,,—B concentration. The DNA is stained with the intercalating dye YOYO-1. Barrier position is indicated with black arrows on the kymographs.
(d) DNA condensation profiles at the indicated C—S,,—B concentrations. The circles and shaded areas represent the mean and standard deviation for
25 molecules per condition, respectively. (e) DNA condensation rate in the first 3 min of assembly at different concentrations of C—S,,—B. The data
were fit to the Hill equation (solid line). Circles and error bars are the mean +95% confidence intervals for 25 DNA molecules per condition.

individual DNA molecules until complete assembly of linear
particles with a final length of 34 + 3% of the initial length (N =
25 DNA molecules at each concentration) (Figure 1d). Total
DNA contraction to about one-third of the DNA original length
has also been observed by previous AFM studies." The DNA
encapsidation rate—measured as fi,; the time required to
achieve half of total packaging—decreased with higher C—S,—
B concentrations up to S0 nM and plateaued at [C—S,,—B] >
100 nM (Figure S2a). In addition, the DNA did not completely
contract at [C—S;,—B] < 50 nM as compared to 100—300 nM.
Together, these observations indicate incomplete C—S,,—B
coating of the DNA at <50 nM C—S,,—B concentrations. Initial
condensation rate increased with C—S;,—B concentration in a
sigmoid-shaped curve distinctive of nucleated self-assemblies
(Figure le). DNA coating was significantly impaired at 25 nM
C—S,0—B compared with 150 nM (Figure S2b, c). These results
are consistent with a dynamic equilibrium between C—S,,—B
nucleation-filamentation and dissociation from DNA, akin to
RADS1 and other dynamic filaments.”®

Next, we evaluated whether positioning dCas12a on the DNA
can improve encapsidation at low C—S,y—B concentrations.
The DNA was uniformly decorated with five or ten dCasl2a-
crRNA ribonucleoproteins (RNPs) (Figure 2a). We confirmed
site-specific target binding by imaging fluorescent RNPs along
the DNA molecule (Figure S3a, b). We observed 1—4 target-
bound RNPs on DNA substrates harboring five binding sites
(1.2 + 0.5 RNP per DNA, N = 456 DNA molecules) and 1-7
RNPs on DNA substrates with ten binding sites (2.6 + 1.1 RNP
per DNA, N = 185 DNA molecules) (Figure S3c). Because not
all RNPs are decorated with fluorescent QDs, our results are a
lower bound on the true target site occupancy. To monitor how
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encapsidation varies with RNP density, we injected 25 nM C—
Si1o—B into flowcells where the DNA was predecorated with
either five or ten RNPs (Figure 2b, c). DNA contraction rate
increased 2- and 3-fold for DNA with five (,s= 15 + 7 min; N =
25 DNA molecules) and ten (t,= 10 + 3 min; N = 25 DNA
molecules) RNPs with respect to nondecorated DNA (#,,¢ = 31
+ 6 min; N = 25 DNA molecules) (Figure 2d). We conclude
that dCas12a RNPs can be installed at specific sites along the
DNA template to accelerate encapsidation by C—S;,—B.

We reasoned that dCas12a organizes large C—S,,—B clusters
that further polymerize into filaments. Two-color imaging
confirmed that fluorescent C—S,,—B colocalizes with the RNPs
at early stages of encapsidation (Figure 2e). Positioning five
RNPs on the DNA increased the number of fluorescent C—S,,—
B puncta per DNA strand from 1-3 (1.3 + 0.6, N = 166 DNA
molecules) to 2—7 (3.3 + 1.0, N = 97 DNA molecules) for DNA
and dCas12a-decorated DNA, respectively (Figure 2f). C—S,,—
B protomers can freely diffuse on the DNA.*’ In the presence of
buffer flow, these molecules slide and assemble into large
clusters at the free DNA ends. In contrast, C—S,,—B
accumulated at dCasl2a sites on the decorated DNA (Figure
$3d). C—S,,—B binding was also more rapid on predecorated
DNA substrates (f;,; = 15 + 6 min; N = 10 DNA molecules)
than on nondecorated DNA (s = 45 + 15 min; N = 10 DNA
molecules) (Figure 2g, h). C—S,(—B filamentation was unable
to displace dCas12a, which forms a stable RNA:DNA loop (R-
loop) with the DNA substrate (Figure S3e). Because dCas12a
may act as a roadblock for C—S,y—B linear diffusion on the
DNA, we also tested whether other DNA-binding proteins will
accumulate C—S,—B clusters. Notably, DNA decoration with
nucleosomes also accelerated DNA encapsidation and particle

https://doi.org/10.1021/acs.nanolett.0c04640
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Figure 2. Seeding assembly with dCas12a improves DNA encapsidation by C—S,,—B. (a) Illustration of dCas12a-decorated DNA substrates. dCas12a
is incubated with pools of crRNAs and directed to five or ten sites uniformly distributed along the DNA prior to C—S;,—B injection. (b) Representative
kymographs show faster encapsidation at 25 nM C—S,,—B after the DNA (green) is decorated with dCas12a. Barrier position is indicated with arrows
on the kymographs. (c) Condensation profiles at 25 nM C—S,,—B for DNA, and DNA decorated with dCas12a targeting five or ten sequences along
the template. The circles and shaded areas represent the mean and standard deviation for 25 molecules per condition, respectively. (d) Violin plots
showing the time (#,,;) required to reach half of maximum condensation for each DNA molecule analyzed in panel c. We extrapolated #,,; (after curve
fitting to the Hill equation) for molecules that did not reach 66.5% encapsidation during the experiment (30 min). (**) and (****) indicate p < 0.01
and p < 0.0001, respectively. (e) Double labeling experiments show that 93% of dCas12a (magenta) colocalized with 66% of fluorescent C—S,(—B
clusters (green). Barrier position is indicated with a black arrow. (f) Positioning five dCas12a on the DNA increases the number of fluorescent C—S,o—
B clusters relative to undecorated DNA (N = 484 and 246 clusters, respectively). (g) Kymographs showing binding of C—S,,—B (magenta) on
undecorated (top) or dCas12a-decorated (bottom) DNA (unlabeled) at 25 nM C—S,,—B. Barrier position is indicated with black arrows on the
kymographs. (h) Extent of DNA that is coated by fluorescent C—S,,—B. Points and error bars indicate the mean and standard deviation, respectively
(N = 10 DNA molecules per condition).

growth (Figure S4). We conclude that dCas12a stalls C—S;,—B disrupt the morphology of the artificial nucleocapsids, and full
sliding on DNA, which enhances C—S,y—B collisions in its particles of 1/3 of the template DNA length were observed by

vicinity and triggers particle nucleation. In support of this model, AFM (Figure S7).

Marchetti et al.”” observed that immobile C—S,,—B clusters, Finally, we assessed whether targeting dCasl2a-S;, to a

and not their sliding counterparts, initiate filament growth. specific DNA template can trigger VLP encapsidation in the
To further promote and accelerate DNA packaging at limiting presence of other (noncognate) DNA molecules. For this assay,

C—S,0—B concentrations, we physically coupled dCas12a to the we immobilized an equimolar mixture of two DNA templates on

d.ibloc.k Polypeptide C—=Syo via the .rapam.ycin-inducible the flowcell surface; one was 20 kbp and the second was 28.5 kbp
dimerization of FKBP and FRB domains (Figure 3a). We (Figure 4a). dCas12a-S,, was directed to S, 10, or 25 sites on the

cloned and purified a dCasl2aggpp) C-terminal fusion and 28.5 kbp template (Figure 4b). As seen in Figure 4c, d and
verified that this construct retains target-specific DNA binding

(Figure SS). The FRB domain was fused to a truncated C—S
polypeptide that lacks the “B” DNA-binding module. Both
proteins, dCas12a(ggppy and C—S;qrp), were incubated with
rapamycin and the dimerized complex was injected into the
flowcell prior to incubation with 10 nM C—S,,—B (Figure 3b,
c). Positioning five dimerized dCas12a-S,, complexes along the

DNA substrate accelerated encapsidation by C—S,,—B 2-fold o L 1
relative to dCas12apygp) alone (fyy = 9 % 3 min; N = 25 DNA serve as a viral-like packaging signal—especially if the roadblock

Figure S8, dCasl12a-S,, selectively accelerated the packaging of
the target DNA template and the encapsidation rate increased 3-
fold from zero target sites (t,,¢ = 62 = 26 min; N = 25 DNA
molecules) to a maximum of 25 target sites (#,,7= 19 + 6 min; N
= 25 DNA molecules).

Taken together, our data show that a target DNA-bound
dCasl12a (or any strongly DNA-bound roadblock protein) can

molecules vs 18 + 6 min; N = 25 DNA molecules), and 5-fold protein contains a self-assembly or polymerization domain.
relative to the undecorated DNA (f,¢ = 46 + 13 min; N = 25 RNA-guided CRISPR-Cas proteins are especially attractive as
DNA molecules) (Figure 3d, e). Positioning dCas12a-S,, on a artificial packaging signals because they can be targeted to any
2.5 kbp linear dsDNA or a 9.5 kbp plasmid also improved DNA sequence that is proximal to a protospacer adjacent motif
encapsidation at limiting C—S,,—B concentrations in ensemble (PAM). For AsdCasl2a, the PAM consensus sequence is
electrophoretic mobility shift assays (EMSAs) (Figure S6). TTTV; this PAM appears on average every 32 bp on 48.5 kbp
These results indicate that initiating nucleation via interspersed long A-phage DNA. Other CRISPR-Cas enzymes, including
dCas12a RNPs fused to the self-assembly domain S, accelerates Cas9, can also serve as nucleation signals. Relaxed PAM variants,
DNA packaging at subsaturating C—S,,—B concentrations. both for Cas9 and Casl2a, will further increase the targeting
Importantly, decoration with dCasl2a or dCas12a-S,, did not possibilities for rapid and sequence specific VLP assembly.”* "

2754 https://doi.org/10.1021/acs.nanolett.0c04640
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Figure 3. Coupling of dCas12a to the polymerization domain C—S,, improves C—S,,—B self-assembly on DNA. (a) Schematic depiction of the
modular design of dCas12agppy and C—S,o(zrp) and their dimerization via rapamycin to form the dCas12a-S,, complex. (b) Dynamic light scattering
experiment showing rapamycin (Rap) induced dimerization of dCas12aggpp) and C—Sq(ggg)- The shift in population size occurred immediately after
rapamycin addition. (c) Representative kymographs showing that decorating DNA with dCas12a-$,, accelerates DNA packaging relative to decoration
with dCas12agygp) alone at 10 nM C—S,,—B. Barrier position is indicated with arrows on the kymographs. (d) Condensation profiles at 10 nM C—
S10—B for undecorated DNA, and DNA decorated with five dCas12agggp) or five dCas12a-S;,. The circles and shaded areas represent the mean and
standard deviation for 25 molecules per condition, respectively. (e) Violin plots showing the time (t,,) required to reach half of maximum
condensation for each DNA strand analyzed in panel d. Extrapolation (after curve fitting to the Hill equation) was used to estimate #,,; for molecules
that did not reach 66.5% encapsidation during the experiment (30 min). (****) indicates p < 0.0001.
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Figure 4. C—S,(—B selectively assembles on DNA that is decorated with dCas12a-S,,. (a) DNA was ligated with biotinylated oligos at both ends
followed by cleavage with NgoMIV to generate two biotinylated DNA substrates (20 kbp and 28.5 kbp) distinguishable by size after YOYO-1 staining.
(b) 28.5 kbp DNA (cognate DNA) was decorated with S to 25 dCas12a-S,, prior to incubation with 10 nM C—S,,—B. (c) Representative kymographs
showing encapsidation of the noncognate (20 kbp) and cognate (28.5 kbp) DNA substrates after decoration with ten dCas12a-S,. Barrier position is
indicated with arrows on the kymographs. (d) Violin plots showing the time (#,,) required to reach half of maximum condensation for both DNA
substrates after decoration of the cognate DNA with § to 25 dCas12a-S,. Extrapolation (after curve fitting to the Hill equation) was used to estimate

tha for molecules that did not reach 66.5% encapsidation during the experiment (30 min). (ns) and (****) indicate p > 0.05 and p < 0.0001,
respectively.

Additionally, this work shows that the C—S,,—B protein can be C—S,o—B and packaging of target DNA sequences. Importantly,

re-engineered to more closely resemble virus-like features. such packaging signal recognition complex (and hence artificial
In summary, we have used CRISPR-dCas12a and coupled it particle nucleation and growth) can be easily redirected toward
to the polymerization domain S, to form a “packaging signal different DNA sequences by simple design of the crRNA
recognition complex” (in analogy with the assembly of viral without need of the more cumbersome manipulation of protein
capsid proteins around the viral genome) that triggers binding of domains. Moreover, our results highlight the importance of
2755 https://doi.org/10.1021/acs.nanolett.0c04640
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having multiple strong and specific interactions in templated
nucleoprotein self-assemblies and should prove useful for
developing new tailor-made nanomaterials for diverse bio-
technological applications.
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