Epigenetics 9:9, 1207-1211; September 2014; © 2014 Landes Bioscience

BRIEF REPORT

A CRISPR-based approach for proteomic analysis
of a single genomic locus

Zachary J Waldrip', Stephanie D Byrum', Aaron J Storey', Jun Gao', Alicia K Byrd', Samuel G Mackintosh', Wayne P Wahls',
Sean D Taverna?, Kevin D Raney'*, and Alan J Tackett'*

"University of Arkansas for Medical Sciences; Department of Biochemistry and Molecular Biology; Little Rock, AR USA;
2Department of Pharmacology and Molecular Sciences; Johns Hopkins University School of Medicine; Baltimore, MD USA

Keywords: epigenetics, proteomics, histone, epiproteome, posttranslational modification, affinity purification

Any given chromosomal activity (e.g., transcription) is governed predominantly by the local epiproteome. However,
defining local epiproteomes has been limited by a lack of effective technologies to isolate discrete sections of chromatin
and to identify with precision specific proteins and histone posttranslational modifications (PTMs). We report the use of
the Cas9 and guide RNA (gRNA) components of the CRISPR system for gRNA-directed purification of a discrete section
of chromatin. Quantitative mass spectrometry provides for unambiguous identification of proteins and histone PTMs
specifically associated with the enriched chromatin. This CRISPR-based Chromatin Affinity Purification with Mass Spec-
trometry (CRISPR-ChAP-MS) approach revealed changes in the local epiproteome of a promoter during activation of tran-
scription. CRISPR-ChAP-MS thus has broad applications for discovering molecular components and dynamic regulation

of any in vivo activity at a given chromosomal location.

Introduction

For the work presented, a “local epiproteome” refers to not
only the histone PTMs at a specific chromosomal location that
are involved in a particular activity,' but also to the other proteins
associated with the region in addition to the histones. Identifying
the components of a specific epiproteome can provide unprec-
edented insight into the molecular and epigenetic mechanisms
regulating an activity. For example, gene transcription could have
various epiproteomes that regulate initiation, elongation and ter-
mination. A recently accomplished milestone for measuring local
epiproteomes has been the development of affinity enrichment
procedures to isolate small regions of chromatin.*? Purification
of a small region of chromatin from the cellular milieu is one
of the most challenging aspects of these approaches as the pro-
teins and histone PTMs specifically isolated with the targeted
chromatin typically constitute a small fraction of the identified
proteins — most of which are non-specific associations.>*!* We
developed two approaches using quantitative high resolution
mass spectrometry that distinguish whether proteins and his-
tone PTMs identified during epiproteome measurements are
“specific” to the target chromatin or are “non-specific” contami-
nants.>® These quantitative approaches are critical components
of our ChAP-MS (Chromatin Affinity Purification with Mass
Spectrometry) platform of technologies that enable local epipro-
teome analysis. Included in this platform are the first generation
ChAP-MS and second generation TAL-ChAP-MS approaches.>?
The ChAP-MS approach, which used a targeted LexA protein

as an affinity reagent, demonstrated the first unambiguous epi-
proteome measurement. The TAL-ChAP-MS approach achieved
similar high resolution and specificity by using the genomic
targeting ability of the TALEN (Transcription Activator-Like
Effector Nuclease) system for local epiproteome isolation and
analysis.>"!

Described here is the third generation technology termed
CRISPR-ChAP-MS (Fig. 1). The prokaryotic viral defense
system CRISPR (Clustered Regulatly Interspaced Palindromic
Repeats) has recently been developed as a genome-editing tool
for eukaryotes.”? The core components of this system include
the Cas9 nuclease, which is able to create double-strand breaks
in DNA, and guide RNA (gRNA), which is bound by Cas9
and serves to direct this complex to a target sequence comple-
mentary to the gRNA. Using the Type II CRISPR system from
Streptococcus pyogenes, we have harnessed the specific gene-target-
ing capability of the Cas9/gRNA complex to isolate and identify
a specific local epiproteome. We utilized a catalytically inactive,
protein A (PrA) tagged version of Cas9 along with a gRNA to
target the promoter region of the GALI gene in Saccharomyces
cerevisiae in order to validate the CRISPR-ChAP-MS technology
(Fig. 1).

To isolate the targeted chromatin, cells were treated with
formaldehyde to stabilize interactions,® chromatin was sheared
to fragments approximately 1 kb in length, and the target chro-
matin was affinity purified using the PrA tag. Affinity tagged
versions of Cas9 have been shown to target chromatin for partial
enrichment”; however, a quantitative analysis of the specifically
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Figure 1. CRISPR-ChAP-MS approach. PrA-tagged Cas9 bound to gRNA
is targeted to a specific region of chromatin. Following chemical cross-
linking, the chromatin is sheared to approximately 1 kb in size and sub-
jected to affinity isolation with 1gG-coated beads. Isolated chromatin
containing PrA-tagged Cas9/gRNA is then analyzed with high resolution
mass spectrometry to identify specifically associated proteins and his-
tone posttranslational modifications.

bound proteins and histone PTMs has not been reported. Here
using our CRISPR-ChAP-MS approach that does provide for
quantitative identification of specifically bound proteins and
histone PTMs, the GALI promoter chromatin from yeast was
isolated under transcriptionally active conditions and subjected
to a label-free mass spectrometric workflow to identify the spe-
cific components of the local epiproteome. Relative to the first
and second generations of the ChAP-MS technological platform,
CRISPR-ChAP-MS shows an enhanced ability to isolate targeted
chromatin, which is critical for epiproteome analysis. The TAL-
based approach also requires design of a specific TAL protein for
each sequence targeted whereas CRISPR-ChAP-MS only requires
site-directed mutagenesis to alter the gRNA for genomic target-
ing, which provides a faster and more cost effective approach that
can be multiplexed to target additional sites.

Results and Discussion

To validate the CRISPR-ChAP-MS approach, the promoter
chromatin of the GALI gene was targeted for enrichment in S.
cerevisiae. This region of chromatin is an attractive target for vali-
dation studies as one can supply yeast with galactose in place of
glucose to rapidly and synchronously stimulate transcriptional
activation of GALI—thereby setting a transcriptionally active
chromatin state for epiproteome analysis. Cells were transformed
with plasmids expressing a nuclease inactive and PrA-tagged
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version of Cas9 (pPrA-Cas9) and/or expressing a gRNA spe-
cific to the promoter region of the GALI gene (pgRNA-GALI).
Similar expression of PrA-Cas9 in glucose and galactose was dem-
onstrated by Western-blotting (Fig. 2A). To evaluate whether
expression of this PrA-Cas9/gRNA complex affected transcrip-
tion of GALI, cDNA was prepared from cells in glucose (tran-
scriptionally repressed GALI) and galactose (transcriptionally
active GALI) and was analyzed by quantitative real-time PCR
(gPCR). GALI transcription was similar in cells expressing PrA-
Cas9/gRNA compared with cells expressing only PrA-Cas9, indi-
cating that expression of PrA-Cas9/gRNA does not drastically
alter transcriptional activation (Fig. 2B). To determine whether
this expressed PrA-Cas9/gRNA complex was bound to and could
enrich chromatin at the GALI promoter region, ChIP was per-
formed to PrA-Cas9 in cells from glucose and galactose cultures
and analyzed relative to an unguided PrA-Cas9 by qPCR. GALI
promoter chromatin was enriched in a gRNA dependent man-
ner with PrA-Cas9 from both glucose (4.9-fold) and galactose
(70-fold) growth conditions (Fig. 2C). There was no detectable
enrichment of chromatin 2 kb upstream or downstream of the
GALI target site by qPCR (Fig. 2C), indicating that chromatin
purification was localized to the gRNA target region. In previ-
ous studies using TAL proteins targeted to the same chroma-
tin region,? a ~6-fold enrichment was observed under galactose
growth conditions and no enrichment under glucose growth.
Therefore, the enrichment observed with PrA-Cas9/gRNA in
galactose-containing media is greater than an order of magnitude
higher relative to a TAL targeted to this region of chromatin.

To determine if enrichment using CRISPR-ChAP was spe-
cific, a series of potential off-target sites were analyzed (Fig. 2C).
The four most similar sites in the genome to the first 12 base-pairs
of the 20 base-pairs targeted at GAL! by gRNA-GALI were ana-
lyzed by qPCR-ChIP for PrA-Cas9/gRNA binding. The first 12
base-pairs of the 20 base-pair target sequence strongly influence
gRNA-directed binding specificity." The off-target (OT) sites
contained 14/20 (OT1), 15/20 (OT2), 15/20 (OT3) and 13/20
(OT4) of sequence identity relative to the GALI target DNA.
Two of the four off-target sites showed 3.2- and 4.4-fold (OT1
and OT2) enrichment with PrA-Cas9/gRNA (Fig. 2C). For
most effective targeting of Cas9 to a genomic region, the 20 base-
pair target region needs to contain a protospacer adjacent motif
(PAM motif) immediately 5" to the target DNA. In the type I
S. pyogenes system used in this work, the PAM motif is NGG.'*P
Accordingly, OT1 and OT2 that showed Cas9/gRNA enrich-
ment contained a PAM motif, while OT 3 and OT4 did not. This
demonstrated that off-target binding of the PrA-Cas9/gRNA
complex targeting GALI is enhanced with a PAM motif and can
provide ~4-fold off-target enrichment. This ~4-fold off-target
enrichment is much lower than the 70-fold enrichment observed
for transcriptionally active GALI promoter chromatin and will
not prohibit large scale proteomic approaches as the specifically
bound proteins/PTMs will dominate the mass spectrometric data
collection. The enrichment of GAL! promoter chromatin under
glucose growth conditions was 4.9-fold whereas off-target binding
can contribute up to ~4-fold enrichments. Therefore, purification
of GALI promoter chromatin under glucose growth conditions
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Figure 2. A PrA-tagged Cas9/gRNA complex can specifically enrich a small chromatin section. (A) Using Western-blotting to the PrA-tag, similar expres-
sion of PrA-Cas9 was shown in both glucose and galactose-containing media. Western-blotting to histone H4 was used as a loading control. S. cerevisiae
were transformed with either a plasmid expressing PrA-tagged Cas9 (pPrA-Cas9) and/or a plasmid expressing gRNA specific to a sequence in the pro-
moter of GALT (pgRNA-GALT). (B) Real-time reverse transcription PCR showed similar galactose-induced transcription of the GALT gene relative to ACT1
in cells expressing PrA-Cas9 + gRNA-GAL1. Transcript levels of GALT are reported as a ratio of detection in galactose relative to glucose-containing media.
(€) PrA-Cas9/gRNA complex specifically enriched GALT promoter chromatin under transcriptionally active conditions. Using ChIP to the PrA-tag on Cas9,
enrichment at each indicated target relative to actin was measured in cells containing the PrA-Cas9/gRNA complex in comparison to those with only the
PrA-Cas9. The genomic targets were: GALT for the genomic target of the gRNA-GALT, 2000 base-pairs up- and downstream of the gRNA-GAL1 target, and
four off-target (OT) sites for the PrA-Cas9/gRNA-GAL1 complex containing varying levels of sequence similarity to the gRNA-GAL1 target (+ protospacer-
adjacent motif (PAM motif)). Error bars are standard error from triplicate analyses. (¥) Indicates significant (P < 0.05) enrichment in cells containing the

PrA-Cas9/gRNA complex relative to those with only the PrA-Cas9 (not targeted).

was not pursued for large scale proteomic analysis, but rather the
70-fold enriched chromatin from galactose growth conditions was
used for subsequent proteomic studies. The Cas9/gRNA and pre-
viously reported TAL results illustrate that DNA-binding affinity
reagents may differentially access chromatin in different states;
thus, care has to be taken to test for specific enrichment prior
to proteomic studies.? Accordingly, not all genomic regions may
be amendable to targeting strategies such as CRISPR-ChAP-MS.
One may have to identify adjacent accessible genomic regions to
identify sites amendable for targeting and enrichment. As the
CRISPR-based approaches become more engineered for DNA-
binding specificity, off-target issues will have less impact on the
CRISPR-ChAP-MS approach.'®

To demonstrate the utility of the CRISPR-ChAP-MS approach,
the GALI promoter chromatin was enriched from 1 x 10" cells
that were grown in media containing galactose. As a control for
quantitative mass spectrometric identification of proteins as “spe-
cific” or “non-specific” to the purification, CRISPR-ChAP-MS
was performed with PrA-Cas9 expressing cells either with or
without gRNA-GALL. Of particular importance for purifica-
tion of small regions of chromatin, an experimentally-determined
amount of formaldehyde cross-linking and sonication must be
used to ensure that a native chromatin region can be isolated and
analyzed.?>*!* Cells were cross-linked with 1.25% formaldehyde,
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lysed under cryogenic conditions with a ball mill, and after thaw-
ing were sonicated in purification buffer to yield chromatin frag-
ments ~1 kb in length. Dynabeads coated with IgG were used
to affinity purify the PrA-Cas9/gRNA complex or control PrA-
Cas9 with any associated proteins and posttranslationally modi-
fied histones. For large scale enrichment procedures, the GALI
chromatin was found to be enriched by 15.5 + 1.2-fold relative to
ACTI by qPCR. Isolated proteins were resolved by SDS-PAGE
(Fig. 3A), excised from the entire gel lane in 2 mm bands and
subjected to in-gel trypsin digestion. Tryptic peptides were ana-
lyzed by high resolution mass spectrometry with a Thermo Velos
Orbitrap mass spectrometer as reported.? Proteins and histone
PTM:s (acetylation and mono-, di- and trimethylation of lysine)
were identified with Mascot (Tables S1 and S2).

To determine which proteins were specifically enriched with
the GALI promoter chromatin, a quantitative mass spectromet-
ric approach was used to compare proteins identified with PrA-
Cas9/gRNA and PrA-Cas9 alone. This reported approach uses
normalized spectral abundance factors to represent the relative
level of each protein in each sample, which can then be cross-
compared to identify those proteins/PTMs enriched with PrA-
Cas9/gRNA. > Using this approach, 86 out of 1832 identified
proteins were found to enrich with PrA-Cas9/gRNA (Table S1).
The label-free approach used provided a short list of 86 proteins
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proteomic approaches that do not depend on
a priori knowledge of the protein/PTM tar-
get, which distinguishes this method from
traditional ChIP. Key to success with chro-
matin enrichment procedures is the quanti-
tative mass spectrometry used to determine
which identified proteins/PTMs are “spe-
cific” to the isolated chromatin. These mass
spectrometric approaches can be label-free, as
used here and in our TAL-based second gen-
eration ChAP methodology,? or utilize more

expensive isotope labeling methods, as used
Spt5 H3K14ac

in our LexA-based first generation method-
ology.® Relative to the TAL-based and LexA-

Figure 3. CRISPR-ChAP-MS analysis of transcriptionally active promoter chromatin.
(A) Chromatin was affinity purified on IgG-beads from cells grown in galactose-containing
media that expressed PrA-Cas9 as a control and cells that expressed PrA-Cas9/gRNA targeted to
the promoter region of GALI. Co-enriched proteins were resolved by SDS-PAGE and identified
with high resolution mass spectrometry. Label-free proteomics was used to determine whether
a protein or histone PTM was specifically enriched with the promoter chromatin. (B) Enrichment
of GALT relative to ACTT by ChlIP to PrA-tagged versions of the proteins or to the histone PTM
(normalized for nucleosome occupancy) was measured in cells grown in galactose in compari-
son to cells grown in glucose. Error bars are standard error from technical triplicate analyses.

based ChAP methodology, our PrA-Cas9/
gRNA approach showed greatly enhanced
enrichment of targeted chromatin, which is
instrumental for analyzing low copy cellu-
lar entities like specific chromatin sections.
However, similar to what was observed with
the previous approaches, there was an inabil-

to validate as specific interactors, which is vastly less than the
1832 proteins identified. One approach to further narrow the
list of putative interactors is to use established protein annota-
tion of protein function. A total of 11 of the 86 proteins were
related to transcription (Rebl, Spt5, Toa2, Bafl, Sin3, H2B2,
Umel, Pob3, Rsc6, Rpal4, Rsc7), while the other 75 were com-
mon contaminants found in affinity enrichments.*® In addition
to proteins, acetylation of lysine 14 on histone H3 (H3K14) and
H3K23 were found enriched with the GALI promoter chroma-
tin (Table S2). Both H3K14ac and H3K23ac are correlated with
active transcriptional states of chromatin. ChIP for a subset of
these proteins/PTMs (Spt5, Pob3, Rsc6, Rsc7 and H3K14ac)
was used to verify that these proteins/PTMs are components
of the epiproteome at the targeted region of GALI promoter
chromatin (Fig. 3B). H3K14ac was identified at the GALI pro-
moter region with our first and second generation ChAP tech-
nologies,?® while Pob3, Spt5, Rsc6 and Rsc7 are unique to this
study. Pob3 forms a complex with Sptl6 to make yFACT, which
promotes chromatin rearrangement to allow progression of RNA
polymerase. Sptl6 was identified with our first and second gen-
eration ChAP technologies at GALI*?; thus, providing compel-
ling evidence that yFACT is localized to this chromatin region
during transcriptional activation. Spt5 is an elongation factor
that aids RNA polymerase II, while the RSC complex of proteins
serves as a chromatin remodeler that is involved with transcrip-
tion. Taken together our results present a snapshot of the dynam-
ics of transcriptional activation within a 1 kb viewing window at
the GALI promoter chromatin. This analysis demonstrates that
the CRISPR-ChAP-MS approach can be used to identify a local
epiproteome.

The CRISPR-ChAP-MS approach provides a new tool to

study epigenetic regulation. Researchers can now identify proteins
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ity to sufficiently purify GALI chromatin
under repressive growth conditions. This is
presumably due to occlusion of the Cas9 binding site. This high-
lights an important need for testing target sites for enrichment by
ChIP before pursuing a proteomic analysis of a particular genomic
site of interest. At the same time, this highlights a possible caveat
for using the CRISPR system in any of its useful forms, includ-
ing genome editing. Furthermore, the Cas9/gRNA system is eas-
ily manipulated by simply altering the gRNA sequence, which
provides for adaptability and multiplexing approaches. Recent
and future efforts to further engineer the specificity of the Cas9/
gRNA system will only expand the capabilities of the CRISPR-
ChAP-MS approach.'® This technology should be amendable to
cell culture and in vivo systems that provide for expression of the
Cas9/gRNA machinery. The CRISPR-ChAP-MS approach sug-
gests far-reaching applicability for identifying molecular compo-
nents driving chromosomal activities.

Materials and Methods

Cloning, Western-blotting, real-time reverse transcription
PCR and chromatin immunoprecipitation (ChIP)

Cas9 was subcloned from Addgene plasmid 44246 (hcep://
www.addgene.org/ CRISPR/; Cross Lab) into pPrA-LexA (TRP!
selection)® - fusing Cas9 with a PrA (Protein A) tag to make
pPrA-Cas9. Addgene plasmid 43803 (http://www.addgene.org/
CRISPR/; Cross Lab) was used to express the gRNA (URA3 selec-
tion). The gRNA sequence in the plasmid was mutated in two
steps using a Stratagene site-directed mutagenesis kit to produce
the following sequence matching 20 base-pairs in the GALI pro-
moter region: SATTTGAAGGT TTGTGGGGCC. Three S.
cerevisiae strains (W303 matA) were created by transforming the

resulting plasmids: pgRNA-GALL, pPrA-Cas9, and pPrA-Cas9
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+ pgRNA-GALI. Western-blotting, real-time reverse transcrip-
tion PCR and chromatin immunoprecipitation (ChIP) were
as described.?? Off-target sites tested in Figure 2C were: OT1
5’ATGAAAAAAT TAGTGGGGCC, OT2 5'ATACGTAGTC
TTGTGGGGCC, OT3 5'TACGGAAGGT TGGTGGGGCC,
OT4 5" TATGTCGCGT TTGTGGGGCC.

CRISPR-ChAP-MS

S. cerevisiae with pPrA-Cas9 or pPrA-Cas9 + pgRNA-GAL1
were grown to mid-log phase in synthetic yeast media (minus
tryptophan and minus tryptophan/uracil respectively) with 3%
galactose and subjected to 1.25% formaldehyde cross-linking for
6 min. Cross-linking was quenched with 125 mM glycine for
5 min. Cells were collected by centrifugation and lysed under
cryogenic conditions.” Lysate from 10 cells was re-suspended
in purification buffer (25 mM HEPES-KOH, 0.5 mM EGTA,
1 mM EDTA, 10% glycerol, 0.02% NP-40, 150 mM KClI, 1X
Sigma fungal protease inhibitor cocktail, 4 pg/mL Pepstatin A, 2
mM PMSF) at 5 mL / gram cell lysate. Re-suspended cell lysate
was subjected to sonication with a Bioruptor to shear chromatin
to ~1 kb in size as described.*? PrA-tagged Cas9/gRNA com-
plex and associated proteins were affinity purified on 144 mg
of IgG-coated Dynabeads.? IgG-coated beads were incubated
with lysate for 7 h at 4 °C with constant agitation. Beads were
collected with magnets and washed twice in purification buf-
fer, once with purification buffer with 1 M NaCl / 1 M urea,
and once in purification buffer. Proteins were eluted from the
washed beads with 0.5 N ammonium hydroxide / 0.5 mM EDTA
for 5 min at room temperature. Eluted proteins were lyophilized,
re-suspended in Laemmli loading buffer, resolved by 4-20%
gradient SDS-PAGE, and visualized by colloidal Coomassie-
staining. Gel lanes were sliced into 2 mm sections and subjected

to in-gel trypsin digestion.” Tryptic peptides were analyzed by
high resolution tandem mass spectrometry with a Thermo Velos
Orbitrap mass spectrometer coupled to a Waters nanoACQUITY
LC system.?? Proteins and histone PTMs (lysine acetylation and
methylation) were identified with Mascot (Tables S1 and S2). To
determine if a protein was “specific” or “non-specific” to the puri-
fication, a previously reported quantitative mass spectrometry
approach was utilized.? In brief, a normalized spectral abundance
factor (NSAF) value was calculated for each protein in the PrA-
Cas9 and PrA-Cas9/gRNA purifications. The NSAF value is the
number of spectral counts assigned to a given protein (normal-
ized by the molecular weight of that protein) divided by the sum
of all normalized spectral counts of all proteins identified in the
specific purification.” A fold-change of normalized NSAF val-
ues was then used to identify proteins specific to the PrA-Cas9/
gRNA purification (Table S1). The data represents one biologi-
cal replicate.
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