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Summary

CRISPR-based technologies have emerged as powerful tools to alter genomes and mark
chromosomal loci, but an inexpensive method for generating large numbers of RNA guides for
whole genome screening and labeling is lacking. Using a method that permits library construction
from any source of DNA, we generated guide libraries that label repetitive loci or a single
chromosomal locus in Xenopus egg extracts and show that a complex library can target the E. coli
genome at high frequency.

Introduction

Recently, the potential for broad scale modification of specific genomic sequences has
emerged with clustered regularly interspaced short palindromic repeats (CRISPR)
technology. Based on an adaptive immune system in bacteria and archaea that protects
against phage and other foreign nucleic acids (Wiedenheft et al., 2012), short CRISPR-
derived RNAs bind to Cas (CRISPR-associated) proteins and direct them to degrade foreign
DNA elements (Jinek et al., 2012). The CRISPR system of Streptococus pyogenes in
particular has been harnessed as a genome-editing tool utilizing a chimeric synthetic guide
RNA (sgRNA) and the Cas9 protein. These 2 components are sufficient to direct specific
DNA binding and cleavage of DNA sequences complementary to the sgRNA (Jinek et al.,
2013). Other recent innovations have used engineered versions of the Cas9 protein lacking
nuclease activity (dCas9) fused to various protein domains as tools to repress or activate
reporter gene expression in yeast and human cells (Gilbert et al., 2013; Qi et al., 2013). The
use of fluorescent dCas9 fusions for labeling chromosome loci in cultured cells has also
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been described (Chen et al., 2013). However, this technique has been limited to single locus
or repetitive loci targeted by a small number of designed guides. Although it is theoretically
possible to expand labeling to larger regions or even whole vertebrate chromosomes by
generating many thousands of guides, the complexity and cost of oligonucleotide synthesis
makes this approach impractical for most laboratories. Similarly, genome-wide screening
libraries are available for some well-studied organisms and have seen broad interest for loss-
of-function screens, but generation of such libraries by oligonucleotide synthesis approaches
is unlikely to be cost-effective for many other organisms otherwise amenable to CRISPR-
mediated screens, or for which genome data is not yet available.

We set out to develop an approach for generating large numbers of diverse guide RNAs,
both for our studies using a CRISPR-based system to label specific sequences on
chromosomes in Xenopus egg extracts and, separately, applying the same technique to a
prokaryotic genome to demonstrate its applicability in the generation of a guide library from
an arbitrary source of DNA.

To label chromosomes in vitro, we expressed and purified recombinant nuclease deficient
Cas9 (dCas9) fused to mNeonGreen, the brightest green/yellow fluorescent protein yet
described (Shaner et al., 2013) (Figure 1A). The dCas9-Neon protein was complexed with 7
sgRNAs designed against the RHM2 745 base pair (bp) multiple-locus tandem repeat,
present at a mean of ~2000 copies near the centromere of most Xenopus laevis chromosomes
(Freeman and Rayburn, 2005; Meyerhof et al., 1983) (Table S1, S2). A big advantage of
using Xenopus extract is that it can be biochemically manipulated and the cell cycle state
controlled (Figure S1). We followed the dynamics of mitotic chromatid formation by time-
lapse fluorescence microscopy by adding sperm nuclei to metaphase-arrested egg extract
that has been ultracentrifuged to remove membranes. During this reaction, sperm chromatin
remodels and individual chromatids resolve from one another. Upon addition of RHM2/
dCas9-Neon probes, puncta formed in numbers in agreement with that expected from
published in situ hybridization data (Freeman and Rayburn, 2005; Meyerhof et al., 1983);
chromatids with distinct foci could be seen individualizing and separating from the
chromosome mass within 10 minutes (Figure 1B, Movie S1, see also Figure S2). In crude
extracts that support transit through the cell cycle, RHM2 labeling was maintained on
mitotic chromosomes as the spindle formed, and probes were visible at the metaphase plate
(Figure 1C). Two other classes of repeat were labeled in the same way with patterns in
agreement with published data (Figure 1D) (Bassham et al., 1998; Hummel et al., 1984).
Simultaneous dual-color labeling of two classes of repeats was also possible (Figure 1E).

For labeling non-repetitive loci, we reasoned that potentially any DNA sequence could be
enzymatically processed into a library of sgRNAs and used to tile along a chromosomal
region. The constraints imposed by the S. pyogenes CRISPR system are that a targeted
sequence must be approximately 20 nucleotides (nt) in length and immediately 5’ to a
“PAM?”, or protospacer adjacent motif consisting of an NAG or NGG triplet. We designed a
strategy to extract PAM-proximal sequences by digesting input DNA with restriction
enzymes targeting immediately 5’ to an NGG or NAG (see details in Materials and
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Methods). The resulting fragments are ligated to an adapter containing a recognition site for
the restriction enzyme Mmel, which cuts 20-21 nt 5°. Finally, we removed the adapter and
ligated the resulting fragments to a 5° RNA polymerase promoter for in vitro transcription
and a 93 nt 3° sgRNA Cas9 hairpin (Figure 2A). We first evaluated the effectiveness of the
digestion/ligation protocol in CRISPR imaging on the RHMZ2 repeat amplified by PCR and
found that the probes gave similar labeling patterns as the traditionally designed guides
(Figure 2B, compare to Figure 1B, D).

To label arbitrary, non-repetitive regions of the genome, we PCR-amplified specific
subsequences within a 3.4 megabase (MB) region on chromosome 4 of the X. laevis
genome. These subsequences represent 144 regions from 316 bp to 4088 bp in length that,
when amplified, pooled and digested as described above are predicted to produce guides
with minimal off-target effects (Table S3). The extent of off-target effects was predicted
using a previously published scoring algorithm that determines the number and location of
mismatches within guide target sequences when aligned to the entire genome (Hsu et al.,
2013). A guide with no predicted off-target binding is scored as 100 in this scheme. We
picked a threshold of 95, at which no perfect matches are found elsewhere in the genome
and the closest matches differ at positions that would strongly impair guide recognition
(Figure 3A, Supplemental Data S1-S3 and online repository; see Methods). We obtained
100 PCR products (see Figure S3), which we expected to yield 1,276 guides when all
products were pooled and subjected to the digestion/ligation library protocol. After
enzymatically processing the PCR products as outlined above, the final pooled library was
transcribed in vitro using T7 RNA polymerase (see detailed protocol in Supplemental Files).

When incubated with dCas9-Neon in egg extract, the transcribed pooled PCR product
library generated a single major spot in sperm nuclei (Figure 3B and C), demonstrating that
this method provides an innovative, relatively inexpensive, and effective approach for live
whole-chromosome labeling.

Having shown that the molecular approach to generating a library using the digestion/
ligation protocol is possible, we explored its utility in making large, complex libraries
suitable for use in genome-wide screens by CRISPR-mediated mutagenesis. In order to
simplify analysis of the resulting library, we chose to use the well-characterized E. coli
genome as a template. We extracted genomic DNA from a cloning strain of E. coli (XL1-
Blue) and subjected it to the digestion/ligation protocol detailed above in parallel duplicates.
Using publicly available E. coli genome sequence data, we calculated that 80,894 guides
could theoretically be generated using this approach (Figure 4A). High-throughput
sequencing of the library revealed 37,854 guides, at mean incidence of one guide for every
112 nt in the E. coli genome, representing ~44% of the total material sequenced. Of the
remaining 56%, 45% of the total material consisted of guides shifted by 1-3 bases 3’
relative to PAMS, likely due to promiscuous activity of Mung-bean nuclease used to blunt
fragments. The guides were otherwise consistent with the intended design, containing a T7
promoter followed by a 20-21 nt variable region (Figure 4B) and terminating with a 93 nt
invariant region necessary for Cas9 binding.
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An ideal library is one that exhibits high complexity and is composed of equal numbers of
molecules representing each unique guide sequence. However, libraries are subject to
deviation from this ideal, due primarily to artifacts introduced during amplification. We
analyzed the distribution of unique guide sequences relative to the number of reads obtained
in the sequencing data, and found that 90.6% of guides were within 1 standard deviation of
the mean abundance and 96.1% of guides were within 2 standard deviations, indicating that
only a small proportion of the library content is composed of overrepresented sequences
(Figure 4C). The guide library is predicted to target 3984 of the 4503 genes annotated in the
E. coli genome (88%), grouped by GO Term in Figure 4D. Of the 519 untargeted genes,
most are those under 600 nt in length (Figure 4E). Specificity scoring of all guides indicated
that 95.3% of guides predicted to arise from this method have a score of 100/100 (Hsu et al.,
2013) indicating that only a single location in the E. coli genome is targeted (Figure 4F).

Discussion

In summary, we have outlined a simple method to label chromosomal loci in living samples
without altering the genome, and an approach to CRISPR library generation that can be used
to produce probes to track any locus or make complex libraries for other purposes. We term
this innovative approach to generating guide libraries “CRISPR EATING” (for Everything
Available Turned Into New Guides) and anticipate the widespread use of complex guide
libraries made using it in a many, perhaps yet unforeseen, applications.

While CRISPR screening libraries generated using synthetic oligonucleotides have been
described (Gilbert et al., 2014; Koike-Yusa et al., 2014; Shalem et al., 2014; Wang et al.,
2014), so far these libraries target only human and mouse genes. We anticipate that the
enzymatic library approach will enable CRISPR-based whole-genome screening in many
organisms where oligonucleotide-based design of pooled libraries is undesirable or
infeasible for reasons of cost or availability of sequence information. One limitation of our
approach is that the precise composition of a guide library cannot be defined as explicitly as
it could be in a synthetic oligonucleotide-based library, raising the possibility that individual
guides within the library may target more than one location in the genome. We have shown
that this is of minimal concern in the small E. coli genome (Figure 4F). For organisms with
larger or unsequenced genomes, the use of a cDNA library rather than total genomic DNA
as input is likely to decrease the number of low-specificity guides. Furthermore, most
screening strategies can tolerate guides that potentially cut at more than one genomic locus
because identification of a “hit” mutation is still possible even if several candidate genomic
target sites for an isolated guide must be sequenced.

Applying this technique in an imaging context for use in intact cells or embryos represents a
practical way to monitor chromosome dynamics in vivo, something that has been an
unreachable goal for many years. As the sophistication of libraries generated advances, it
may even be possible to monitor whole chromosomes in live samples. One potential concern
is that labeling could interfere with normal chromatin compaction. We note that the 3.4 MB
region on X. laevis chromosome 4 (Figure 3) is visible with a mean labeling density of one
guide per 2,664 bp, which is unlikely to affect global chromatin state. However, because an
R-loop (an RNA-DNA hybrid opposite a region of single-stranded DNA) is produced by
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guide RNA binding, it is possible that nucleosome assembly and chromatin structure are
affected (Costantino and Koshland, 2015), particularly in the case of the RHM2 probe that
densely labels abundant pericentric repeats.

Methods

Protein purification and designed guide RNA production

dCas9-Neon was expressed as a 230 kD 6xHis-MBP-TEV-dCas9-Neon-Myc fusion protein
in BL21 (DE3) Rosetta2 E. coli and affinity purified using Ni-NTA resin, via the Nterminal
His tag. The 6xHis-MBP portion of the protein was removed by specific proteolysis using
TEV protease to yield the 186 kD dCas9-Neon-Myc.

Xenopus repetitive sequences were scanned for potential dCas9 targeting sites, which
included a 5' GG motif for T7 in vitro transcription (IVT) followed by 18-20 nucleotides
(nt) of target sequence and a 3' NGG/NAG protospacer motif for CRISPR/Cas9 binding
(Cong et al., 2013; Hsu et al., 2013) using Unipro UGENE software (Okonechnikov et al.,
2012). This strategy was previously employed in generating SgRNAs for use by injection
into zebrafish embryos (Hwang et al., 2009). sgRNAs were synthesized from DNA
templates generated by annealing of a ~59 nt 5’ primer containing a T7 RNA polymerase
promoter and the desired targeting sequence to an 82 nt 3’ primer containing the necessary
invariant sgRNA sequence(Hsu et al., 2013). The 5’ and 3’ primers were annealed over 23
base pairs of reverse-complementarity and extended using a high-fidelity polymerase,
resulting in a ~118 base pair double-stranded substrate for use in in vitro transcription
reactions. Resulting 100-102 nt RNAs were folded at 60°C and combined with dCas9-Neon
at 37°C using 2 pl ~5 mg/ml dCas9 with 5ul IVT reaction product which generally ensured a
large molar excess of RNA such that all protein was RNA-bound.

Xenopus egg extract reactions

Cytostatic factor-arrested (CSF) cytoplasmic extracts were prepared from freshly laid eggs
of X. laevis and used for spindle assembly reactions as described (Hannak and Heald, 2006).
Progression through interphase was induced by addition of 0.5 mM CaCl, and incubation
for 1-2 hours at room temperature. To induce mitotic structures around replicated
chromatin, an equal volume of CSF egg extract was then added. High speed metaphase-
arrested extracts in which sperm chromatid condensation and resolution occurs were
prepared from CSF extracts by centrifugation at 200,000 x g as described (Maresca and
Heald, 2006).

Live imaging
Flow cells were prepared using clean microscope slides, double-sided sticky tape (Scott) and
coverslips which have been cleaned by sonication for 20 min in ddH20 with detergent
(Versa), rinsed and sonicated in ddH20 for 20 min and stored in 70% Ethanol until use
(Stehbens et al., 2012). 8-10 pl of extract were used per flow cell. Flow cells were sealed
with ValLaP (Vaseline/Lanolin/Paraffin 1:1:1). CSF flow cells were prepared at room
temperature, high-speed flow cells on ice just prior to imaging. Extracts were observed
through a 60x 1.49 NA Nikon Apochromat oil immersion objective on a customized
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spinning disk confocal microscope, equipped with a MS-2000 motorized stage (Applied
Scientific Instrumentation), a Borealis-modified Yokogawa CSU-X1 spinning disk head
(Spectral Applied Research), an LMMD5 laser merge module (Spectral Applied Research),
automated emission filter changer (Sutter Instrument) and environmental control (In Vivo
Scientific). This setup has been described in detail previously (Stehbens et al., 2012). Images
were acquired on a iXon low-light electron multiplication CCD (EMCCD) camera at
exposure times of 20-50 ms with EM gain set to 150-200 and 3 MHz readout mode. Neutral
density filters reducing laser power to 25-50% were used throughout imaging. Microscope
and camera were controlled by Nikon Elements Software (Nikon) running on a 64-bit
Microsoft Windows 7 PC. Images were analyzed using Fiji (Schindelin et al., 2012) and
assembled in Illustrator (Adobe). Pearson’s correlation coefficient was determined using the
Coloc? plugin in Fiji on Z-projections of confocal image stacks; the Pearson’s R value
(above threshold) is reported.

sgRNA library construction

The S. pyogenes Cas9 protospacer-adjacent motif (PAM) consists of an NRG motif, where
N is any nucleotide, R is an adenine or guanine nucleotide and G is a guanine nucleotide
only. To generate DNA ends that are adjacent to this PAM motif, we employed a restriction
enzyme cocktail that recognizes a subset of the possible PAMs within a DNA sequence.
Hpall, ScrFI and Bfal recognize the sequences C/CGG, CC/NGG and C/TAG respectively,
where “/” indicates the site of phosphodiester backbone cleavage. When a substrate is
digested with these enzymes and single-strand overhangs are removed, the remaining
dsDNA is that existing immediately 5’ to a CGG, NGG or TAG sequence in the target
DNA. To trim these blunt-ended PAM-adjacent substrate fragments to 20 nt, we ligated to
them an 82 nt dsDNA adapter containing an Mmel recognition site at each terminus, two
internal BsaXIl sites and an ScrFl site in the middle of the adapter. Following a ligation
reaction, products that represent tandems of the adapter are converted back into 82 nt
fragments by ScrFI digestion, and those ligated successfully to substrate fragments are
trimmed to 41 nt. The 82nt fragments are removed by Ampure XP SPRI size-selection.
Because the Mmel enzyme cuts 20 nt distant from its binding site at the end of the ligated
adapter, desired substrate fragments are trimmed to 20nt by Mmel digestion, producing a 20
nt substrate fragment 5’ to a 41 nt half-adapter. The resulting fragments are asymmetrical
with respect to their single-strand overhangs, with a 2 nt overhang produced by Mmel
digestion on one end and a 1 nt overhang produced by ScrFI digestion on the other end. This
allows specific ligation of a T7 RNA polymerase promoter to the end produced by Mmel
digestion. The T7 RNA polymerase promoter is constructed from two annealed
oligonucleotides, one of which has a two nucleotide “NN” (random base) overhang.
Following this ligation step, desired fragments now have a T7 promoter, 20 nt of a
PAMadjacent region, and 41 nt of an adapter fragment. To produce the final sgRNA
fragment, the adapter portion is removed using BsaXI| within the adapter. Because BsaXI
cuts outside of its recognition site, the position of the BsaXI site permits complete removal
of the adapter portion of guide fragments, leaving only a 3 nt overhang. This overhang is
exploited for ligation of a 93 nt fragment containing the sgRNA constant region. The
resulting 136nt fragment thus consists of a T7 RNA polymerase promoter, 20 nt of sequence
corresponding to a putative Cas9 targeting site in the substrate DNA sequence, and 93 nt of
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SsgRNA hairpin. To remove unwanted side products of ligation reactions, the 136 nt
fragments were amplified by 10 cycles of PCR using primers in the T7 promoter and at the
3’ end of the sgRNA hairpin. The resulting 136 nt band is isolated and purified using DNA-
PAGE, whereupon a second round of 10 cycles of PCR amplification is employed to make
the final library.

Computational selection of guides across 3.4MB region on X. laevis chromosome 4

PCR products used to generate the 3.4MB region labeling library used in Figure 3 were
selected using a custom computational pipeline employing BioPython to simulate substrate
digestion (Cock et al., 2009), BLAST a and a previously published CRISPR scoring
algorithm to determine high-scoring guides (Altschul et al., 1990; Camacho et al., 2009; Hsu
et al., 2013) and Primer 3 (Untergasser et al., 2012) to generate PCR primers that amplify
across regions predicted to produce only high-scoring guides (score of >95). Full source
code is available at http://github.com/eatingcrispr/ and available in Supplementary Data S1,
S2 and S3.

In brief, Scaffold102974 (approx. 21MB) of X. laevis genome v 7.1 was subjected to this
computational pipeline. From within the Scaffold, a 3.4MB window containing the largest
number of highly specific guides (score of 95+) was used. Within that 3.4MB region, 144
regions containing only guides meeting this score threshold were selected. PCR primers
were designed across these regions. A preparation of X. laevis male liver DNA was used as
template, and PCRs were carried out using 2X Q5 HotStart Master Mix (New England
Biolabs). PCRs were pooled and subjected to the digestion/ligation library protocol using an
extended sgRNA constant region.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Repetitive genomic loci can be visualized using dCas9-Neon in Xenopus egg extracts
A: dCas9-Neon is programmed to label specific genomic loci by conjugation to an sgRNA

molecule containing a complementary target sequence. See also Figure S1. B: dCas9-Neon
programmed using RHM2 sgRNA (black) localizes rapidly to loci in sperm nuclei (Sytox
Orange dye, magenta). Time (min) after imaging started is indicated in the top left of each
image. See also Supplementary Movie 1 and Figure S2. C: Labeled RHMZ2 loci (green) are
maintained following formation of a mitotic spindle (red). D: Three examples of repeat
classes labeled on sperm nuclei in Xenopus egg extract (1n = 18). Left: RHM2 is a
centromere-proximal locus on ~65% of chromosomes (Freeman and Rayburn, 2005).
Middle: Telomere repeats target chromosome termini. Right: REM3 is reported to target a
single centromere-proximal locus on chromosome 1, appearing here as two spots (Hummel
et al., 1984). E: Left: Sperm nuclei driven into interphase in the presence of dCas9-tdTomato
Telomere sgRNA and dCas9-Neon RHM2 sgRNA demonstrate simultaneous dual-color
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labeling (scale bar, 5 um). Right: A subset of RHM2 and telomere loci appear to co-localize,
while others do not (scale bars 10 um, except magnification in panel E, 1 um).
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Putative 20nt spacer PAM

.. TAATCACTGGATCAATGATTTACG TACTGGATC. ..
.ATTAGTGACCTAGTTACTAAATGC TGACCTAG. ..

Cut & blunt
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. ATTAGTGACCTAGTTACTAAATGC
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A complex source of
DNA contains restriction sites
spanning PAMs

Digest at PAM sites and blunt

Ligate adapter containing Mmel site

Digest with Mmel to produce 20-mers
Ligate promoter; remove adapter

Ligate 3’ guide body

RHM2-library

Figure 2. An enzymatically generated guide library can program dCas9-Neon labeling of a

repetitive locus

A: Outline of enzymatic library generation approach. B: dCas9-Neon programmed using an
RHMZ2 repeat unit processed with this method localizes in a labeling pattern similar to that

seen for RHM2 in Figure 1B and 1D (scale bar, 5 pm).
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Figure 3. A single 3.4 MB locus can be labeled using an enzymatically generated guide library
A: Specificity score distribution for all guides predicted to be generated by subjecting 3.4

MB region to procedure outlined in Figure 2A. Only sub-regions predicted to generate
guides with a score of =95 were used as PCR templates for library construction. B:
Processing of 100 PCR products (See Figure S3) spanning regions within a 3.4MB region of
X. laevis chromosome 4 generates a single labeled spot in haploid sperm nuclei (scale bar, 5
pm). C: Count of fluorescent foci per sperm nucleus when incubated with 3.4 MB library. n
= 3 experiments, 11-13 nuclei scored per experiment. Bars are + standard deviation. See

also Figure S3, Table S3, and Supplemental Data S1-S3.
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Figure 4. A complex guide library targeting sequences within the E. coli genome
A: Comparison of theoretical maximum number of guides generated by E. coli genome

digestion with guides identified by sequencing (black text) and of sequencing reads that
represent expected guides versus those reads that do not correctly target E. coli PAM-
adjacent 20mers (blue text). B: Length distribution of variable spacers (region between T7
promoter and sgRNA guide body) in library as determined by high-throughput sequencing.
C: Distribution of abundance of unique guides within library. D: Coverage of selected GO-
term gene groups by library sgRNAs compared to the total number of genes annotated by
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those GO terms. E: Analysis of genes targeted by guides in sequenced library as binned by
gene length. F: In silico analysis of guide specificity as predicted to be produced by
digestion/ligation of E. coli genomic DNA. A score of 100 indicates no predicted off-target
effects.
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