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Work in yeast models has benefitted tremendously from the
insertion of epitope or fluorescence tags at the native gene locus
to study protein function and behavior under physiological con-
ditions. In contrast, work in mammalian cells largely relies on
overexpression of tagged proteins because high-quality anti-
bodies are only available for a fraction of the mammalian pro-
teome. CRISPR/Cas9-mediated genome editing has recently
emerged as a powerful genome-modifying tool that can also be
exploited to insert various tags and fluorophores at gene loci to
study the physiological behavior of proteins in most organisms,
including mammals. Here we describe a versatile toolset for
rapid tagging of endogenous proteins. The strategy utilizes
CRISPR/Cas9 and microhomology-mediated end joining
repair for efficient tagging. We provide tools to insert 3�HA,
His6FLAG, His6-Biotin-TEV-RGSHis6, mCherry, GFP, and the
auxin-inducible degron tag for compound-induced protein
depletion. This approach and the developed tools should greatly
facilitate functional analysis of proteins in their native environ-
ment.

The precision and simplicity of CRISPR-based gene modifi-
cation has brought unprecedented advances in gene knockout
and functional genomic studies (1–3). The Cas9 nuclease gen-
erates a DNA double-strand break (DSB)2 at sites selected by
the co-expressed guide RNA (gRNA). The DSB is then repaired
by either nonhomologous end joining (NHEJ) or homologous
recombination (HR)–mediated repair. For gene knockouts,
NHEJ randomly joins the two processed ends of DNA from the
DSB site, which is efficient in generating insertion- or deletion-
based gene knockouts. In contrast, HR is a favored method for
gene knockins and tagging because it is a precise repair mech-
anism and allows in-frame modification. However, HR is
extremely inefficient compared with NHEJ and requires a large
fragment of a homologous DNA sequence corresponding to the

genomic DNA surrounding the DSB site (4, 5). In contrast,
microhomology-mediated end joining (MMEJ), a recently dis-
covered high-fidelity alternative to HR, only requires about 20
bp of (micro)homology flanking the Cas9-induced DSB site (6,
7). An MMEJ-based mechanism has been shown previously to be
effective in tagging endogenous proteins in human cells (7). Cur-
rently, four mammalian CRISPR tagging systems are available (4,
7, 8, 10). However, most of the available methods require labor-
intensive cloning for large homologous sequences (200–700 bp)
(4, 8, 10), and only one of them provides protein N terminus tag-
ging, albeit with very low efficiency (2%) because of a lack of anti-
biotic selection markers (4). To address the need for an easy, effi-
cient, and versatile N-terminal tagging method, we expanded the
tagging concept from Yamamoto and co-workers (6, 7) by rede-
signing and optimizing MMEJ-based tools to allow N-terminal
insertion. We provide a set of plasmids with a variety of tags that
help to fully exploit the potential of MMEJ-mediated CRISPR pro-
tein tagging.

Conceptually, our system is based on a similar two-plasmid
precise integration into target chromosome (PITCh) system
(Fig. 1A) as described by Yamamoto and co-workers (7). Plas-
mid 1 (Fig. 1A, pX330-YFG-PITCH) is the Cas9-expressing vec-
tor, which also expresses two gRNAs. The target gRNA directs
the cut at the genomic locus that is modified, and the PITCh
gRNA targets the second plasmid (Fig. 1A, pN-PITCh-HA) to
release the repair fragment that contains the tags flanked by
microhomologies to the target locus. The inserted DNA
fragment contains the tag, a puromycin-resistant gene for
selection of successful integration, and GFP for visual assess-
ment of tagging efficiency. These features are all expressed
as one polycistronic mRNA separated by the “self-cleaving”
2A peptide, which leads to ribosome skipping (11–13) to
produce the three polypeptides: GFP, PuroR, and tagged tar-
get protein. The tags available in our collection include
3�HA, His6FLAG, and HBTH (14, 15) for protein purifica-
tion under native or denaturing conditions as well as immu-
noblotting, mCherry and GFP for protein intracellular local-
ization, and the AID degron for auxin-induced conditional
protein depletion (16) (Fig. 1B). The system is easily expand-
able with other tags and will be a useful tool set for scientists.

Results and discussion

N terminus tagging of PP2AC with MMEJ-mediated repair

The MMEJ-mediated PITCh tagging system utilizes the
pX330 vector, which expresses the Cas9 nuclease and two
gRNAs. We rearranged the U6 promoter and PITCh gRNA
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directly after the target gRNA (YFG) cloning site that is flanked
by BbsI to bypass the golden gate assembly step required for the
parent plasmid (7). One of the gRNAs targets the genome to
generate a DSB, whereas the other targets the PITCh vector to
release the tagging cassette. The linearized DNA fragment from
the PITCh vector is then integrated into the genome through
short microhomologies via MMEJ-mediated repair (Fig. 1A)
(7). MMEJ repair can occur during G1 and early S phase com-
pared with HR repair, which is limited to the G2/M phase (17–
19). This makes the PITCh system more efficient than HR-
based approaches. In addition, the microhomology sequence
required for MMEJ is extremely short (�20 bp), which allows
the sequence to be changed for different targets with a simple
PCR procedure (Fig. 1A).

MMEJ-mediated PITCh tagging is very efficient, but cur-
rently available systems are limited to modifications with GFP
at the C terminus of endogenous proteins (6, 7). Many proteins
do not tolerate C-terminal tags, either because of structural
distortion or because of modification sites. We therefore rede-
signed and optimized the MMEJ-based tagging approach for
N-terminal tagging and expanded the repertoire of tags (Fig.
1B). This required rearranging the location of the GFP and the
flanking microhomology sequence and addition of an addi-
tional 2A peptide. Compared with the Yamamoto system,
which fuses GFP to the C terminus of the target protein, GFP
expression in our system solely serves as a reporter for success-
ful integration, which greatly reduces the number of samples
for PCR and Western blot confirmation.

The need for N-terminal tagging tools became evident when
we needed to tag the catalytic subunit of the protein phospha-
tase 2A (PP2AC). The C terminus of the essential PP2AC sub-
unit is highly regulated by posttranslational modifications (20).
The 309-amino-acid-long PP2AC is phosphorylated at Thr-304

and Tyr-307 and carboxylmethylated at Leu-309 (21), making
C-terminal tagging impossible. We therefore re-engineered the
C-terminal PITCh tagging system for N-terminal tagging (Fig.
1B). The N-terminal PITCh tagging cassette (pN-PITCh) starts
with GFP, followed by the puromycin resistance gene and one
of several available tags, all divided by self-cleaving 2A
sequences for separation (Fig. 1B). The PITCh tagging cassette
is flanked by 20-bp microhomology sequences to direct inser-
tion at the desired genomic site by MMEJ (Fig. 1A). To test the
efficiency of our approach, we designed a gRNA that targets the
N terminus of the PP2AC ORF to insert the PITCh cassette
containing GFP, PuroR, and 3�HA tag, all separated by 2A
self-cleaving peptides.

Note that, depending on the exact Cas9 cleavage position, part
of the nucleotide sequence encoding the N-terminal amino acids
needs to be artificially added back into the PITCh cassette to pre-
vent the loss of the amino acid sequence (Fig. 1C, the blue sequence
on the repair template). We transiently transfected 293T cells with
pX330X2-PP2Ac-PITCh, which expresses the Cas9 nuclease
and the two gRNAs that target the PITCh cassette for release
of the repair fragment and the genomic sequence encoding
the PP2Ac N terminus, respectively (Fig. 1A).

Furthermore, we cloned the U6 promoter and PITCh gRNA
directly after the target gRNA (YFG) cloning site that is flanked
by BbsI to bypass the golden gate assembly step. Cells were
co-transfected with the second plasmid, pN-PITCh-HA, which
contains the repair fragment (Fig. 1B).

Three days after transfection, cells were selected using puro-
mycin. Because the PuroR gene is driven by the endogenous
promoter of the target gene (here PP2AC), only correctly inte-
grated cassettes will be puromycin resistant, show a GFP signal,
and express 3�HA-PP2AC. Depending on the target gene, the
GFP expression driven by the endogenous promoter is typically

Figure 1. Experimental schematic of MMEJ mediated N-terminal CRISPR knockin tagging. A, experimental schematic of MMEJ-mediated tagging. The
PX330 vector expresses Cas9 and two gRNAs, one targeting the genomic locus of choice and the other one targeting the pN-PITCh vector to release the repair
fragment containing the tag. The pN-PITCh vector contains GFP, the puromycin resistant marker, and the designated tag, all separated by self-cleaving T2A and
P2A peptides. Two 20-bp microhomology regions corresponding to the regions adjoining the Cas9 cleavage site are flanking the insertion cassette. The
pN-PITCh and PX330 vectors are co-transfected, and cells are selected with puromycin to identify the desired clones. B, pN-PITCh versions available for various
tags. C, schematic for reconstitution of the native N-terminal sequences. For gRNAs that select the Cas9 cut site inside of the ORF, reconstitution is required and
is achieved by including the removed 5� ORF fragment into the pN-PITCh construct during cloning of the microhomology sequences. To prevent Cas9 cleavage
of the repair fragment, either the gRNA targeting sequence or the PAM domain should be changed during the repair process.

Rapid MMEJ-mediated N-terminal tagging
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weaker compared with overexpressed CMV promoter-driven
GFP (Fig. 2A) but, nevertheless, is a useful visual indicator of
successful integration. Single clones were selected and tested by
immunoblotting with anti-PP2AC and anti-HA antibodies. Ten
of 12 clones (83%) were CRISPR modified in both alleles and
produced homozygous 3�HA-tagged PP2AC (Fig. 2B). One
clone had no tagged PP2AC (#4), and another clone was
heterozygous for tagged PP2AC (#10) (Fig. 2B). Note that there
is a trace amount of lower molecular species of PP2Ac visible when
protein extracts are probed with anti-PP2Ac antibodies (Fig. 2B).
These species are not detected with anti-HA antibodies, suggest-
ing nonspecific N-terminal degradation. This appears to be a prob-
lem caused by the HA tag only because no such degradation
products were seen when other tags were fused to the PP2Ac
N terminus (Fig. 2C).

Expanding the tagging repertoire for protein purification and
visualization

To broaden the application of our method, we generated a
selection of different tags in the pN-PITCh system, including
His6FLAG, mCherry, HBTH, and GFP (Fig. 1B). The N-termi-
nal HBTH tagging construct was also tested on PP2AC, and six
of six (100%) tested single colonies showed homozygous
expression of HBTH-PP2AC (Fig. 2C). The HBTH tag is a com-
bination of two copies of the His6 tag (HBTH) flanking an
autonomous biotinylation peptide (HBTH) and a tobacco etch
virus protease cleavage site (HBTH). This tag is useful for cross-
linking MS, tandem purification under fully denaturing condi-
tions, and general applications that benefit from highly strin-
gent purification conditions (14, 15, 22). The HBTH and
mCherry tags were also tested on the proteasome component
RPN1 to evaluate application at a different genomic locus (Fig.
3A). Three of three (100%) tested single colonies were homozy-

gous for HBTH-RPN1 (Fig. 3A). RPN1 is critical for 26S protea-
some activity, as it coordinates substrate recruitment, deubiq-
uitination, and movement toward the catalytic core (23). To
test whether the N-terminal HBTH-tagged RPN1 is completely
functional, we performed proteasome activity assays using fluoro-
genic substrate peptides. Proteasome activity was unaffected in
cells expressing HBTH-tagged RPN1 (Fig. 3B). Leveraging the
high affinity of the biotinylated HBTH tag for streptavidin beads,
we purified the proteasome complex and analyzed the affin-
ity-purified complex by SDS-PAGE and MS. Subunits of the
catalytic 20S core particle and the 19S regulatory particle
were readily visible by protein staining after separation by
SDS-PAGE (Fig. 3C) (24). Mass spectrometry confirmed that
all 26S subunits were purified and detected with high peptide
coverage (Table S2).

Both mCherry and GFP tagging allow intracellular protein trac-
ing. Although mCherry-tagged RPN1 expressed at the endog-
enous level only produces a weak fluorescent signal, it was
enough to visualize intracellular RPN1 with extended exposure
time (�10-s exposure) (Fig. 3D). The N-terminal GFP tagging
construct pN-PITCh-GFP was tested by tagging catalase. Cat-
alase is a key antioxidant enzyme with a C-terminal peroxisome
targeting sequence (25–27). GFP-catalase was readily detected
and, as expected, colocalized with peroxisomes, which were
visualized with red fluorescent protein (RFP) (Fig. 4).

Notably, when we attempted to tag the N terminus of PP2AC

with GFP or mCherry, we were unable to retrieve viable cell
clones with correct GFP or mCherry-fused PP2AC. This might
be the result of spatial hindrance from bulky tags, such as GFP
or mCherry, which abrogates essential protein interactions and
thereby prevents formation of a functional PP2A holoenzyme
complex. Because PP2AC is essential for cell viability, failure to

Figure 2. MMEJ-mediated N-terminal tagging of PP2Ac with HA and HBTH. A, GFP expression 2 days after puromycin selection of pN-PITCh-HA–
transfected 293T cells. Exposure time for GFP was 12 s. B, HA-tagged PP2Ac was detected in single clones using HA antibodies and PP2Ac antibodies. 10 of 12
clones were homozygous knockins. Clone #10 is heterozygous for the tag. C, HBTH-PP2Ac was detected in single cell clones using RGS6H antibodies to
recognize the RGSHis6 epitope, which is part of the tag. All analyzed clones were tagged on both alleles.
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obtain GFP- and mCherry-tagged PP2AC is a good indication
that the tags interfere with protein function. Such negative
effects on the functionality of proteins is less obvious for non-
essential proteins, and, as with all tagging approaches, careful
evaluation of protein function after tagging is important.

During gRNA design, we noticed that not all genes have
gRNA target sites with good scores (�0.5 from a scale of 0 to 1,
using the web tool developed by Doench et al. (28)). This situ-
ation requires placing the Cas9 cut site upstream of the start
codon. To test the efficiency of using gRNA positions upstream
of the start codon, we compared two gRNAs that target mRNA
guanine-N7 methyltransferase (RNMT). gRNA1 targets the cod-
ing region, and placement of the microhomology region allows
seamless repair. In contrast, gRNA2 targets more than 20 bp
upstream of the start codon, and the microhomology regions

needed to be designed so that the 20-bp noncoding fragment is
removed by the repair machinery during MMEJ, producing the tag
directly fused to the beginning of the ORF (Fig. 5A). In addition to
providing the flexibility to choose optimal gRNAs, this approach
also avoids the need to reinsert the lost ORF fragments when
gRNAs target inside the ORF (Figs. 1C and 5A, gRNA1).

However, the upstream gRNA2 placement is less efficient
than the intra-ORF gRNA1, with only one of seven (14%)
homozygous tag insertions for gRNA2. Most of the resulting
clones carried heterozygous HBTH-RNMT. In contrast, con-
sistent with other tagging approaches, three of three (100%)
clones were homozygous for HBTH-RNMT when gRNA1 was
used (Fig. 5B). This is most likely due to the additional trimming
required to insert the repair template (Fig. 5A). To overcome
this inefficiency, a potential solution would be to employ two
identical tagging cassettes that carry different selection mark-
ers. This will increase the frequency of homozygous insertions
because of the resistance to both antibiotics.

Harnessing the AID system for essential gene study and the
immediate protein depletion phenotype

There are about 2,000 essential genes in human cell lines (29,
30), and conditional depletion of these essential genes is impor-
tant to study their functions. Furthermore, even for nonessen-
tial proteins, rapid conditional degradation of the protein can
be important to detect the immediate phenotype after target
protein depletion, before compensatory effects can obscure the
phenotype. Therefore, compared with CRISPR-mediated gene
knockout, conditional protein depletion offers flexibility to
study essential genes for cell viability and avoids adaptation to

Figure 3. N-terminal tagging of the proteasome subunit RPN1 with HBTH and mCherry. A, HBTH-tagged RPN1 was detected using HRP-conjugated
streptavidin and RPN1 antibodies. B, cells expressing HBTH-tagged RPN1 were lysed for proteasome activity assay using fluorogenic peptide as substrates.
Fluorescent signals were normalized to total protein loaded to the assay. C, affinity purification of the proteasome using cells expressing HBTH-RPN1 and
streptavidin beads. 19S and 20S proteasome subunits are visualized on a PVDF membrane with Amido Black stain. Mass spectrometry analysis confirmed that
the pulldown had all proteasome subunits (Table S2). D, mCherry-RPN1 expression 3 days after puromycin selection.

Figure 4. MMEJ-mediated GFP tagging and visualization of endogenous
catalase. 293T cells selected after pN-PITCh-GFP tagging of catalase were
transfected with RFP fused to a peroxisome targeting sequence to visualize
peroxisomes. Cells were imaged 24 h after transfection.

Rapid MMEJ-mediated N-terminal tagging
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knockout of nonessential genes. Various approaches for condi-
tional protein depletion have been described (31–34), but the
recent development of the auxin-inducible degron (AID) strat-
egy seems universally efficient (10, 35, 36) and can be incorpo-
rated into the PITCh system. AID is a plant-specific pathway
controlled by the phytohormone auxin. The F-box protein
TIR1 assembles with Skp1 and cullin-1 to form the CRL1TIR1

ubiquitin ligase. TIR1 is the substrate receptor in this ubiquitin
ligase and recognizes protein substrates containing AID. How-
ever, binding of CRL1TIR1 to AID only occurs in the presence of
the plant hormone auxin (37), which can be viewed as a molec-
ular glue that strengthens the TIR1–AID interaction (Fig. 6A).
When CRL1TIR1 binds AID, the AID-containing protein is
ubiquitylated and subsequently degraded by the 26S protea-
some (36, 38). To harness the AID system for protein depletion,
we generated the H3F-AID (RGS6H � 3�FLAG � AID) and
F-AID (1�FLAG � AID) constructs, which can be used for
N-terminal tagging of endogenous proteins. Cells also need to
express TIR1 to complete the system for auxin-inducible protein
depletion. We therefore inserted CMV-OsTIR1 (derived from
Oryza sativa) to the adeno-associated virus integration site
(AAVS) safe harbor locus as described previously (10). After
hygromycin selection, OsTIR1 expression was confirmed by
immunoblotting (Fig. 6B). OsTIR1 assembles with endogenous
human Skp1 and cullin-1 to form the CRL1TIR1 ubiquitin ligase.
The H3F-AID tag (Fig. 1C) was fused to PP2AC via MMEJ-medi-
ated knockin as described for other tags. Degradation of H3F-AID-
PP2Ac in OsTIR1-expressing cells was tested with 500 �M of syn-
thetic (1-naphthaleneacetic acid) and natural (indole-3-acetic
acid) auxin. H3F-AID-PP2Ac protein levels were dramatically
reduced to about �5% after addition of either natural or synthe-
sized auxin for 4 h (Fig. 6B). This versatile method for inducible
protein depletion is applicable to any protein.

Recent developments of various CRISPR-based technologies
have simplified genomic engineering. Our study further
enriches the CRISPR gene editing toolbox by a number of useful
vectors for tagging with epitopes, purification handles, fluoro-
phores, and AID for inducible protein depletion.

Experimental procedures

Generation of plasmids

The pX330 vector that harbors gRNAs that target the YFG
and pN-PITCh vectors was generated as described previously
(7). Parental pX330 and PITCh plasmids were developed by the
Sakuma laboratory (Addgene 63670, 63671, and 63672) (7).
Parental vectors for OsTIR1 and the AID sequence were gifts
from the Kanemaki laboratory (Addgene 72828, 72833, and
72834) (10). gRNA sequences were designed using the website
platforms developed by Zhang lab (3, 28).3 pN-PITCH tagging
vectors with PP2Ac microhomologies were generated by gene
synthesis of the 2A-3�HA fragment (Fig. 1C), which is a fusion of
the self-cleaving peptide P2A (GSGATNFSLLKQAGDVEEN-
PGP) and three copies of the HA epitope. The 2A-3�HA fragment
was then fused to the 3� end of the parental GFP-2A-Puro cassette
by Gibson assembly (38). pX330–2-PITCh, which carries PITCH
gRNA and a BbsI site for further gRNA insertion, was generated
through golden gate assembly with pX330-S-PITCh. All the prim-
ers used in this study are listed in Table S1.

Construction of pX330 –2-PITCh that carries YFG gRNA

Guide RNAs were designed using the tool provided at https://
portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-
design.3 Oligos were synthesized at Eurofins Scientific with a

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party– hosted site.

Figure 5. Comparison of Cas9 cleavage site positions for N-terminal HBTH tagging of mRNA RNMT. A, schematic layout of the RNMT ORF region
surrounding the start codon. Two gRNAs were selected using gRNA Designer (28). gRNA1 directs Cas9 cleavage 3� of the start codon, and microhomology
regions can be located next to the cut site to direct insertion. gRNA2 guides Cas9 cleavage to the 5� UTR. Therefore, microhomology sequences need to be
chosen so that part of the 5� UTR is removed during the repair process and the tag is fused seamlessly to the RNMT1 ORF. B, HBTH-RNMT was detected using
RGS6H and RNMT antibodies. gRNA2, which mediates intra-ORF cleavage, yielded more homozygous knockins.
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20-bp gRNA sequence containing a 5� overhang CACC and
3�overhang CAAA (Fig. S1A) to facilitate cloning into the Bbs1
site of pX330 –2-PITCh. To anneal oligos, 10 �l of each oligo
(100 �M) was mixed with 80 �l of annealing buffer (10 mM Tris
(pH 7.5), 50 mM NaCl, and 1 mM EDTA), boiled for 5 min, and
cooled at room temperature. The pX330 –2-PITCH plasmid
was digested with BbsI at 37 °C overnight, and 50 ng of digested
vector was used to ligate with annealed oligos (Fig. S2A). 1 �l of
the ligation reaction was transformed with into electro-compe-
tent cells and plated on Luria broth ampicillin plates.

Changing microhomologies on pN-PITCh tagging vectors

The 20-bp microhomologies to direct MMEJ are based on
the genomic sequences adjacent to the gRNA cut site (3 bp
prior to the protospacer adjacent motif (PAM) domain, Fig.
S1B). Microhomologies on the pN-PITCh tagging vector were
changed by PCR and cloned into the vector backbone with Gib-
son assembly (Fig. S2B). The PITCh tagging cassette and back-
bone vector were amplified by PCR. The cloning strategy is
illustrated in Fig. S2. Briefly, to amplify the tagging cassette, a
10-�l reaction with 1 �l of 50 ng pN-PITCh tagging vector, 10
�M primer, and 5 �l of 2� PrimeSTAR Phusion MAX mixture
(Takara) was assembled and amplified as follows: 98 °C for 2
min; three times 98 °C for 10 s, 58 °C for 15 s, and 72 °C for 1
min; fifteen times 98 °C for 10 s and 72 °C for 1 min; and once
72 °C for 2 min. To amplify the vector backbone, a 10-�l reac-
tion with 1 �l of 50 ng pN-PITCh tagging vector, 10 �M primer
(5�, ccaaacacgtacgcgtacgatgctctagaatg; 3�, tgctatgtaacgcg-
gaactccatatatggg), and 5 �l of 2� PrimeSTAR MAX mixture
(Takara) was assembled and amplified as follows: 98 °C for 2
min; 18 times 98 °C for 10 s and 72 °C for 4 min; and once 72 °C
for 2 min.

To remove the parental vector, 1 �l of DpnI was added, fol-
lowed by 37 °C incubation for 30 min. Note that vector and
cassette primers were designed to have 20-bp overlap for efficient
Gibson assembly (Fig. S2B). PCR products were gel purified after

DpnI digestion and then fused by Gibson assembly. For Gibson
assembly, 7.5 �l of Gibson assembly mixture (100 mM Tris-HCl
(pH 7.5), 10 mM MgCl2, 0.8 mM dNTP mixture, 10 mM DTT, 5%
PEG-8000, 1 mM NAD, 5.3 units/ml T5 exonuclease, 33.3 units/ml
Phusion polymerase, and 5.3 units/ml Taq ligase) were used with
50 ng of vector backbone and 50 ng of the PITCh cassette fragment
in a 10-�l reaction. The assembly reaction was incubated at 50 °C
for 30 min before 1 �l was used for transformation.

Generation of cell pools expressing tagged proteins

5 �g of pX330 and 2.5 �g of pN-PITCh tagging vector were used
to transfect cells. DNA and 22.5 �l of BioT were each mixed sep-
arately with 400 �l of Opti-MEM. The solutions were combined,
incubated for 5 min at room temperature, and then added drop-
wise to the target cells. 72 h after transfection, cells were divided to
three 15-cm plates and selected with 0.25, 0.5, or 1 �g/ml puromy-
cin. Different concentrations should be tested in parallel because
puromycin resistance is driven by the target gene promoter, and,
depending on promoter strength, resistance strength may vary.
Visual confirmation of GFP expression in surviving cells can typi-
cally be observed after 5 days of selection.

Generation of single cell clones

One to two weeks after the initial selection, plates with the
right selection pressure should yield about 95% killing, and sur-
viving cells will have started to form single colonies. These col-
onies are typically visible by eye. A sterilized clonal ring and
vacuum grease were used to circle the clone for trypsinization
and extraction. Alternatively, limited dilution, which aims to
have 0.5 cell/well on 96-well plates, can also be used to select
individual clones. Clonal rings were dabbed with vacuum
grease before circling the clone. 100 �l of trypsin-EDTA
(0.05%) was added to the rings, followed by incubation for 10
min at 37 °C. Cells were suspended by repeated pipetting before
moving the solution to 6-well plates containing 2 ml of growth
medium per well with the appropriate antibiotic. When cells

Figure 6. Auxin-induced degradation of H3F-AID–tagged PP2Ac. PP2Ac was tagged on the N terminus with pN-PITCh-H3F-AID in 293T cells expressing
CMV-driven OsTIR1 integrated into the AAVS safe harbor. PP2Ac was detected using FLAG antibodies during auxin-induced conditional protein depletion.
Synthetic (1-naphthaleneacetic acid, NAA) as well as natural (indole-3-acetic acid, IAA) auxin were tested.
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reached more than 60% confluence, uniform GFP expression
was confirmed using a microscope before part of the cells was
harvested for immunoblot analyses.

Cell culture

HEK293T cells were obtained from the ATCC and main-
tained at 37 °C with 5% CO2 in DMEM containing 10% FBS and
1% penicillin–streptomycin–amphotericin.

Immunoblotting

Cells were harvested and lysed in 8 M urea buffer (8 M urea,
200 mM NaCl, 100 mM Tris (pH 7.5), 0.2% SDS, 1 mM Na-
pyrophosphate, 0.5 mM EDTA, 0.5 mM EGTA, 5 mM NaF,
and 10 �M Na-orthovanadate), and protein concentration was
quantified by A280 nm. Equal amounts of lysates were separated
on a 10% SDS-PAGE gel, and proteins were transferred to a
PVDF membrane. Blots were blocked in 5% milk/TBST (TBS
with 0.1% Tween 20) and incubated with the primary antibody
overnight. Blots were washed for 4 min twice with TBST before
incubation with secondary antibody at room temperature for
1 h. After secondary antibody incubation, blots were washed
twice for 4 min with TBST and once with TBS before incuba-
tion for 4 min with Super Signal West Dura (Thermo Fisher)
and imaging with Fuji Imager Las4000.

Antibodies used in this study were as follows: anti-methyl-
PP2Ac (Abcam, ab66597), anti-PP2A (Thermo Fisher, MA5-
18060), anti-RNMT (Fisher Scientific, 061355MI), anti-HA-
HRP (Roche, 12CA5), and anti-RGSH (Qiagen, 34610).
Antibodies were used at 1:1000 dilution in 5% milk/TBST.

Proteasome activity assay

The proteasome substrates SUC-LLVY-AMC, SUC-LLE-
AMC, and SUC-ARR-AMC were purchased from Boston
Biochem. In-solution proteolytic activity assays for the lysates
were performed with the fluorogenic peptide substrates
SUC-LLVY-AMC, SUC-LLE-AMC, and SUC-ARR-AMC, as
described previously (9). The activity readings were normalized
to lysate protein concentrations. Briefly, 10 �l of each sample
was incubated with 100 �M substrate for 30 min at 37 °C. The
reaction was quenched by 1% SDS, and the fluorescence was
measured at an excitation of 380 nm and emission of 460 nm.
Total protein concentrations were determined by a Bradford
assay and used to normalize the proteasome activities. Three
biological replicates were performed.

Affinity purification of the human 26S proteasome and sample
preparation

Stable 293 cell lines expressing HBTH-Rpn1 were grown to
confluence in DMEM containing 10% FBS and 1% penicillin/
streptomycin, trypsinized, and washed three times with PBS
buffer. The cell pellets from two 15-cm plates were collected
and lysed in buffer A (100 mM sodium chloride, 50 mM sodium
phosphate, 10% glycerol, 5 mM ATP, 1 mM DTT, 5 mM MgCl2,
1� protease inhibiter (Roche), 1� phosphatase inhibitor, and
0.5% NP-40 (pH 7.5)). The lysates were centrifuged at 13,000
rpm for 15 min to remove cell debris, and the supernatant was
incubated with streptavidin resin for 2 h at 4 °C. The streptavi-
din beads were then washed with 50 bed volumes of the lysis

buffer, followed by a final wash with 20 bed volumes of TEB
buffer (50 mM Tris-HCl (pH 7.5)) containing 10% glycerol. The
purified proteins were then reduced with 2 mM tris(2-carboxy-
ethyl)phosphine at 37 °C for 15 min, alkylated with 25 mM iodo-
acetamide in the dark at room temperature for 30 min, and
digested with endopeptidase Lys-C at 37 °C for 4 h in urea
buffer (8 M urea and 25 mM ammonia bicarbonate). Finally,
the urea concentration was adjusted to 1.5 M for subsequent
trypsin digestion at 37 °C overnight. The samples were
desalted using a C18 tip (Agilent Technologies) prior to mass
spectrometry analysis.

Mass spectrometry analysis: LC-MS/MS and database
searching for protein identification

Liquid chromatography and tandem MS (LC-MS/MS) were
carried out using an Orbitrap Fusion Lumos MS (Thermo
Fisher Scientific) coupled online with an Ultimate 3000 HPLC
system (Thermo Fisher Scientific). MS1 and MS2 scans were
acquired in the Orbitrap. MS1 scans were measured with a
scan range of 375 to 1500 m/z, resolution set to 120,000, and
the automatic gain control (AGC) target set to 4 � 105. MS1

acquisition was performed in top speed mode with a cycle
time of 5 s. For MS2 scans, the resolution was set to 30,000,
the AGC target was 5e4, the precursor isolation width was
1.6 m/z, and the maximum injection time was 100 ms for
collision-induced dissociation (CID). The CID-MS2 normal-
ized collision energy was 25%. For MS2_MS2 analysis, 3�
ions were chosen from the MS1 scan and submitted for
sequential CID_EThcD MS2 acquisitions. MS2 scans were
acquired in the Orbitrap at 30,000 resolution with an isola-
tion window of 1.6 m/z and AGC target 5e4. For CID analy-
sis, 25% normalized collision energy was used with a maxi-
mum injection time of 100 ms.

To identify proteins through database searching, monoiso-
topic masses of parent ions and corresponding fragment ions,
parent ion charge states, and ion intensities from LC-MS/MS
spectra were first extracted based on the Raw Extract script
from Xcalibur v2.4. The data were searched using the Batch-
Tag in the developmental version (v5.10.0) of Protein Prospec-
tor against a decoy database consisting of a normal SwissProt
database concatenated with its randomized version (SwissProt.
2014.12.4.random.concat with total of 20,196 protein entries
searched). Homo sapiens was selected as the species. The mass
accuracy for parent ions and fragment ions was set at �20 ppm
and 0.6 Da, respectively. Trypsin was set as the enzyme, and a
maximum of two missed cleavages was allowed. Protein N-ter-
minal acetylation, methionine oxidation, and N-terminal con-
version of glutamine to pyroglutamic acid were selected as vari-
able modifications. The proteins were identified by at least two
peptides with a false positive rate of 0.5% or less.
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