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Clustered regularly interspaced short palindromic repeats and associated proteins (CRISPR-Cas) of bac-
terial adaptive immunity have been adopted as a powerful and versatile tool for manipulation of the
genome. This paradigm has been widely applied in biological research and treatments of animal or
cellular disease models. A critical feature of CRISPR-Cas is the protospacer adjacent motif (PAM), which
dictates the DNA target recognition mechanism of Cas proteins. While, direct identifying functional PAM
sequences in human cells remains a challenge. Here, we developed a positive screen system termed
PAM-DOSE (PAM Definition by Observable Sequence Excision) to delineate the functional PAMs in human
cells. Specifically, the PAM libraries for CRISPR-Cas (SpCas9, SpCas9-NG, FnCas12a, AsCas12a, LbCas12a
and MbCas12a) were generated and the corresponding CRISPR-Cas mediated cleaved fragments with
functional PAM in human cells were harvested for DNA sequencing, which could be tracked and visu-
alized with either florescence microscopy or flow cytometry analysis. With this system, we identified the
functional PAMs of CRISPR-Cas members. We also found that spacer sequence affects the PAM preference
of Cas proteins. This method will facilitate identification of functional PAMs for Cas-mediated human
genome editing applications.
© 2019 Chinese Society for Cell Biology (CSCB). Production and hosting by Elsevier B.V. on behalf of KeAi.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

CRISPR-Cas triggered targeted genomic sequence changes into
living cells and organisms provides a powerful tool for biological
research as well as a potential avenue for improved therapy of
genetic diseases [1e3]. This tool comprises Cas protein and CRISPR
RNA. CRISPR provides nucleic acid-based immunity to viruses and
plasmids containing sequences (protospacers) matching CRISPR
spacers [4]. The PAM sequences are absent from the repeats which
provides a mechanism for it being recognized as a self-genome (i.e.,
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bacteria) or invading nucleic acids (i.e., bacteriophage) by Cas [5].
Thus, for efficient cleavage, the presence of the PAM sequence is
essential for CRISPR-Cas mediated genome editing. The most
commonly used Cas protein, Streptococcus pyogenes Cas9 (SpCas9)
recognizes 50-NGG-30 as functional PAM [2]. Additional Cas proteins
and their variants require different PAMs for the efficient cleavage
as a genome editing tool to manipulate the human genome [2].

As the PAM sequence is the key parameter for the design of
CRISPR-Cas mediated genome editing, different strategies have
been adopted to identify the PAM of CRISPR-Cas. These include
bioinformatics analysis of the spacer flanking sequence by aligning
the spacer sequence of the CRISPR with the genome of the host and
invading nucleic acids [6], incubating the purified recombinant Cas
protein with RNA and a target sequence harboring PAM library
[7e9], bacterial based selection system includes antibiotic-
dependent depletion [10e13], potent phage to infect cells
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containing the crRNA library [14] and PAM-SCANR [15]. CRISPR-Cas
requires target gene in human cells for treatment of human dis-
eases, thus, direct identification of functional PAM in human cells
will facilitate its use in clinical treatment. So far, no method is
available to directly elucidate functional PAMs in human cells.

In our previous studies, we designed CRISPR-Cas mediated
genome editing to target loxP sequence [16], which is further uti-
lized for comparing the activity of SpCas9, SaCas9 (Staphylococcus
aureus Cas9) and FnCas12a (FnCpf1, Francisellanovicida U112. Cpf1,
also designated as FnCas12a) [17]. We also demonstrated that the T
base of 50-NNGRRT-30 PAM is dispensable for SaCas9 mediated
efficient cleavage in human cells via this system [17]. As DNA
cleavage events triggered by CRISPR-Cas9 could be captured with
this system, theoretically, it may be harnessed for the identification
of functional PAM in human cells. Through this concept, here we
describe and demonstrate a PAM identification system termed
PAM-DOSE (PAM Definition by Observable Sequence Excision) in
human cells.

2. Results

2.1. Design and development of a dual fluorescence reporter library
for identifying functional PAM preferences

In our previous studies, we had demonstrated that the Cas pro-
teins instead of Cre enzyme could be utilized for site-specific genetic
manipulation at the loxP site [16], and also showed the loxP flanking
the tdTomato cassette could be replaced with additional sequences
[17]. In these studies, two identical sequences flanking the tdTomato
gene were placed; it can't be directly harnessed due to the excessive
combinations of two different sites with different PAM sequence
(i.e., SaCas9, 46*46 ¼ 16777216). Then we selected two different
sequences flanking the tdTomato gene, one for fixed enzyme (i.e.,
SaCas9 with its canonical PAM), the other for the tested Cas protein
with PAM library. Initially, SpCas9 was selected for testing the sys-
tem as its canonical PAM is well characterized.

A plasmid (pmTmG)was generated that harbors two fluorescent
protein genes (tdTomoto and EGFP) and two target sequences
(sloxP and Spacer N4) (Fig. 1A). The sloxP sequence for the guide
RNA spacer for SaCas9 with 50-NNGRRT-30 PAM was inserted up-
stream of the tdTomato gene. The Spacer N4 harbors spacer (Neo1)
and 4 randomized nucleotides located downstream of the tdTo-
mato cassette, was used to empirically determine the PAM recog-
nition of Cas proteins in human cells (Fig. 1A). After the cleavage,
the tdTomato cassette will be excised and the CAG promoter will
drive the expression of the EGFP gene directly, thereby allowing for
live visualization under the fluorescent microscope or detection via
FCA (flow cytometry analysis, Fig. 1AeC). The randomized nucleo-
tides may be retained after the excision and then their sequences
could be obtained with sequencing via Sanger sequencing or NGS
(next-generation sequencing) (Fig. 1D). Not surprisingly, we found
NGG is the canonical PAM for SpCas9 via Sanger sequencing
(Fig. 2A, B; Fig. S1). Due to low through-put of Sanger sequencing,
we performed NGS (Fig. 2C, D), which revealed that SpCas9 rec-
ognizes 50-NGG-30 for PAMs with Neo1 spacer sequence. The pro-
portion of 50-AGG-30 PAM is 17% in total, which is higher than
another PAMs, 50-AAG-3' (9%) and 50-AGA-3' (4%). Besides, we
selected three identified PAMs (50-AGG-30, 50-AAG-30 and 50-AGA-
30) for quantitative comparison. The results showed it is indeed the
case (Fig. 2E, F). Here we named this system as PAM-DOSE (PAM
Definition by Observable Sequence Excision) as it could be tracked
by the fluorescence microscope or FCA (Figs. 1C, 2E). Collectively,
we conclude that, using SpCas9 as an example, PAM-DOSE may
prove to be useful for ultimately identifying functional PAM of
CRISPR-Cas in human cells.
2.2. Functional PAM preferences of SpCas9 enzyme with additional
target sequences

The above results showed PAM-DOSE may be utilized to clarify
the identity of functional PAM for CRISPR-SpCas9 in human cells.
We sought to test whether additional target sequence would result
in the same pattern. To answer this question, we tested two addi-
tional target sequences, N4-Zeo and N6-Neo2 (Figs. S2, S3). We
observed that 50-NGG-30 PAM remains canonical PAM for SpCas9
with any of these three tested target sequences, including N4-Neo1,
N4-Zeo and N6-Neo2. At these three target sites, the ratio of 50-NAG-
30 PAM and 50-NGA-30 PAM to the total cleavage of PAMs was
0.21e0.23 and 0.08e0.14, respectively, and other types of PAM for a
small portion at three target sequences. However, there are subtle
differences in the PAM preferences of the Cas proteinwith the three
spacer sequences. (Fig. 2B; Figs. S1, S2, S3). Specifically, different
spacer sequences have different preferences for the third base G
(Fig. 2C; Fig. S3). The cleavage efficiency of SpCas9 on 50-NAG-30

PAM is not as high as that of 50-NGG-30, which is consistent with the
literature [18]. We also observed CRISPR/SpCas9 with 50-GAG-30

PAM at the Zeo site could trigger robust cleavage (Fig. S3; Fig. S4).
Notably, the preference of 50-NGG-30 PAM for the first base is
different at these sites (Fig. 2D; Figs. S3C, S3F). From these results of
three different target sequences, we observed there are subtle
differences in PAM preferences of SpCas9 in human cells via PAM-
DOSE.

2.3. Identifying functional PAM preferences of Cas12a

To determine whether PAM-DOSE could be utilized for identi-
fying additional Cas proteins, we tested it with Cas12a (Cpf1).
FnCas12a is a single RNA-guided endonuclease of class 2 CRISPR-
Cas, which has robust DNA interference with features distinct
from Cas9 and has been harnessed as a tool for human genome
manipulation [7,19]. Studies showed that FnCas12a possesses high
efficiency targeting with 50-KYTV-30 PAM in the human genome
[20] or 50-TTN-30 PAM [7]. We co-transfected SaCas9-sloxP,
FnCas12a-Neo1 or FnCas12a-Zeo and N4-Neo1 or N4-Zeo PAM li-
brary into HEK-293 cells (Fig. 3A). Because Cas12a is less active than
SpCas9 as we previous reported [17], we observed relative fewer
green cells after the transfection (Fig. S5). Sanger sequencing
showed that including the 50-NTTN-30 PAM, a notable amount was
present of 50-NYYN-3’ (Fig. 3B; Figs. S5, S6). The functional PAM of
FnCas12a as determined by PAM-DOSE slightly differs from previ-
ous studies [7,15]. Specifically, compared with results based on the
bacterial reverse screening or PAM-SCANR [7,15], we observed a
relatively high preference for C at the �2 and �3 positions,
compared with other bases except for T (Fig. 3C, D; Figs. S6B, S6C).
The results of fluorescence observation and FCA were consistent
with the sequencing results (Fig. S7). Further, the ratios of 50-NCTN-
30, 50-NTCN-30 and 50eNCCNe30 to the total cleavage of PAMs was
0.23, 0.13 and 0.10, respectively, which is consistent with the non-
canonical PAM previously revealed through structural based anal-
ysis [7,21]. The results demonstrated the applicability of PAM-DOSE
in PAM assay.

In addition, we performed a study on AsCas12a, LbCas12a and
MbCas12a with PAM-DOSE (Fig. S8, S9). In general, the results were
consistent with previous literature reports [7]. The PAM-preferred
logos of AsCas12a, LbCas12 and MbCas12a obtained in PAM-DOSE
showed a slight decreased preference for the T-base at �2,
and �3 sites, compared with the in vitro results [7]. The functional
PAM and non-canonical PAM of AsCas12a and LbCas12a obtained
from PAM-DOSE are in line with other studies [7,21]. As for
MbCas12a, 50-NYYN-30, except for 50-NTTN-3’ [22], may be har-
nessed as a non-canonical PAM for genome editing in human cells.



Fig. 1. PAM Definition by Observable Sequence Excision (PAM-DOSE). (A) Illustration of PAM-DOSE system. A library of PAM sequences was introduced into the constructs. In the
presence of a functional PAM, cleavage mediated tdTomato cassette excision was performed, which leads to the expression of EGFP and it could be tracked via fluorescent mi-
croscope. (B) Illustration of each step of PAM-DOSE. (C) Representative images showing visualization of tdTomato and EGFP with PAM-DOSE. (D) DNA fragments harboring
functional PAM sequence. PX330-backbone and PX601-backbone represent the backbone of PX330(SpCas9) and PX601(SaCas9), respectively. PC and NC represent the positive
control and negative control, respectively. The PCR products from the excision events were pointed out with a red triangle. PmTmG-GGG-Neo1 is a plasmid containing only GGG
PAM as a positive control for SpCas9 or SpCas9-NG at Neo1 site.
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2.4. Identification of the functional PAM of the SpCas9 mutant
(SpCas9-NG)

SpCas9 is one of the most commonly used Cas proteins for
genome editing. It only recognizes the 50-NGG-30 sequence as
PAM enabling efficient cleavage. This requirement is a key limi-
tation to SpCas9 usage for genome editing and related applica-
tions (i.e., dSpCas9 for gene regulation). Recently, SpCas9-NG was
identified as a variant of SpCas9 which recognizes 50-NG-30 PAM
with high cleavage activity and fidelity [23]. We sought to know
the PAM preference of SpCas9-NG in human cells. We selected
Neo2 and Zeo as target sequences to investigate the PAM of
SpCas9-NG (Fig. 4; Figs S10, S11). From the results of Sanger
sequencing and NGS, we identified the functional PAM of SpCas9-
NG is 50-NG-3’ (Fig. 4BeD; Figs S10, S11), which is consistent with
the PAM preference of SpCas9-NG obtained from in vitro studies
[23]. We observed that the ratio of 50-NA-30 to all cleavage PAMs
was 0.23, compared to 50-NG-3' (0.63), which reveals 50-NA-30

could serve as non-canonical PAM in human cells (Fig. 4C, D; Figs
S10, S11). We generated the target sequence harboring 50-NA-30

PAM. The fluorescence signal and FCA results demonstrate that
SpCas9-NG has considerable cleavage activity with 50-NA-30PAM
(Fig. 4E, F).
3. Discussion

There are various in vitro and in vivo methods for identifying
functional PAM, including in vitro recombinant Cas protein-based
assays, plasmid clearance, and PAM-SCANR. The in vitro condi-
tions may not fully simulate the cellular environment or affected by
component changes, resulting in erroneous PAM assignments [9].
Most plasmid depletion methods rely on negative antibiotic resis-
tance in vivo, which requires extensive library coverage to recog-
nize deleted sequences, and the Cas protein must be expressed in a
non-functional PAM host. PAM-SCANR is another method for
defining PAM in E. coli strains, which uses forward screening.
Catalytically dead Cas9 (usually labeled as dCas9) protein that lacks
endonuclease activity was used in the PAM-SCANR method, which
relies on gene repression to distinguish between functional and
non-functional PAMs. As stated in the article, the drawback of gene
repression is the lack of nuclease activity associated with fully
functioning systems, potentially missing PAM-dependent allosteric
changes that drive DNA cleavage or Cas3 recruitment. For human
therapeutic purposes, there is no doubt that PAM identification
studies should be performed using human target cells. In addition,
optimizing the Cas catalytic activity to determine PAM in humans is
dependent on using Cas rather than the dCas protein. The method



Fig. 2. Screening the PAM of SpCas9 in human cell. (A) Target sequence harboring a library of potential PAM sequences at N4-Neo1. (B) Pie chart for comprehensive screening of
the PAM for SpCas9 at Neo1 site (via Sanger sequencing). (CeD) Sequence logo and ratio of recognized PAMs calculated based on NGS results at Neo1 site. (E) HEK-293 cells were
transfected pmTmG-N4-Neo1 with PAM library and two different plasmids for the cleavage and images were obtained 48 h after transfection. (F) Relative activity of different PAM at
Neo1 site was analyzed with FCA (flow cytometry analysis, red represents tdTomato signal; green represents EGFP signal).
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described in this paper, PAM-DOSE, is performed in human cells.
Furthermore, catalytically active Cas has been utilized, which may
accurately reflect the Cas mediated DNA cleavage in human cells.

In our previous study, we took advantage of the GFP reporter cell
line to study the PAM preference based on disrupting the GFP
coding frame triggered by CRISPR-Cas [24]. However, the target
selection spectrum of the GFP gene is very limited. For example,
there are only three sites harboring a 50-TTTN-30 PAM sequence in
the GFP gene that could be used for AsCpf1 and LbCpf1 mediated
cleavage, including one near the stop codon [20]. Also, the target
sequence itself affects the DNA cleavage efficiency, which is another
factor that affects defining a functional PAM sequence. The PAM
library harboring random nucleotides was rapidly generated using
the gap filling method and at least two different target sequences
via PAM-DOSE will minimize the locus bias effects. We acknowl-
edge the PAM identification may be resolved with PAM library
integrated into the genome via lentivirus, which may provide
better interpretation of DNA cleavage and repair in chromosomes.
While, each colony harboring one PAM of lentivirus PAM libraries
would be integrated into the different location in the genome,
which may possess locus bias for the PAM preference.

Here we developed PAM-DOSE for identifying functional PAM
of CRISPR-Cas in human cells, including SpCas9, Cas12a (including
FnCas12a, AsCas12a, LbCas12a and MbCas12a) and SpCas9-NG.
We demonstrated the universality of the identification method
using six different CRISPR-Cas configurations from two main
types (Type II-A and V-A), including a variant of SpCas9. In addi-
tion, to avoid the target sequence bias in determining a preference
for Cas protein, multiple sites were selected and evaluated. The
results revealed that there are some differences in PAM prefer-
ence at different target sequences for Cas protein. This method is
meritorious because the PAM sequence was directly obtained



Fig. 3. The PAM of FnCas12a in human cell. (A)Target harboring a library of PAM sequences at N4-Neo1. (B) Pie chart for comprehensive screening of the PAM for FnCas12a at Neo1
site (via Sanger sequencing). (CeD) Sequence logo and ratio of recognized PAMs calculated based on NGS results at Neo1 site.
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from the functional cleavage fragment. After Sanger sequencing of
a certain number (i.e., 20 colonies) of individual colonies
harboring the cleavage fragment, the dominant functional (ca-
nonical) PAM sequence could be easily identified. Comprehensive
PAM can be revealed by NGS. Furthermore, excision events can
also be tracked (or visualized) with fluorescence microscopy or
FCA (Figs. 1C and 2E).

We observed additional PAMs (50-GTG-30 and 50-GGT-30) for
SpCas9, which possesses certain cleavage activity. Similar results
have been observed for FnCas12a, i.e., 50-NYYN-30 PAM (except 50-
NTTN-30), which may extend the target selection of FnCas12a in
human cells. In addition, we found that Cas protein has less pref-
erence for a certain base of PAM in human cells than that from
in vitro or E. coli studies [7,23,25], which may be utilized for modest
gene regulation with an inactive Cas form. The structural analyses
will shed light on the molecular basis of PAM recognition with
different protospacer sequences.

In summary, here we developed PAM-DOSE method for identi-
fying functional PAMs for SpCas9, Cas12a (FnCas12a, AsCas12a,
LbCas12a and MbCas12a) and SpCas9-NG, which are expected to
facilitate optimizing nuclease mediated genome editing for human
gene therapy.

4. Materials and methods

4.1. Plasmid construction

Plasmids PX330 and PX601 were gifts from Feng Zhang (Addg-
ene plasmid # 42230 and # 61591). Plasmids PX330-NG for the
expression of SpCas9-NG was a gift from Osamu Nureki (Addgene
plasmid # 117919). SgRNA oligos were annealed and inserted into
the PX330, PX601 and PX330-NG, respectively. Plasmids for the
expression of FnCas12a, LbCas12a and MbCas12a were obtained
from Addgene (Addgene plasmids # 69976, # 69982 and # 69986,
respectively). CrRNA oligos annealed and inserted into PY094-
FnCas12a. The crRNA expression cassette of AsCas12a, LbCas12a
and MbCas12a were generated by insertion of PCR products into
vector pJET1.2 (Thermo Fisher Scientific). Plasmid DNAwas isolated
by standard techniques. Detailed sequences of the primers used in
the constructions are listed in Table S1. DNA sequencing confirmed
the specific sequences required in the construct. Detailed se-
quences of the primers for vector sequencing are listed in Table S2.

4.2. Library generation

The vector plasmid pmTmG contains the following parts:
tdTomato, EGFP, two loxP sites (Fig. 1A) has been described in our
previous study [16]. To generate a PAM library of pmTmG at
different target sites, we developed a method by random nucleo-
tide gap filling (Fig. S12). We fist synthesized three single-strand
oligonucleotides. After annealing, single-strand oligonucleotides
were ligated into pmTmG backbone cut by EcoRI andMluI. Then the
ligation products are transformed into DH10B (E. coli). The gap can
be fill by E. coli DNA polymerase II [26]. More than 1400 N4-Neo1
colonies, 1100 N4-Zeo colonies and 15000 N6-Neo2 colonies were
obtained (Fig. S13). The libraries have more than three times the
number of possible combinations of PAM at three sites, which
coverage was determined by Sanger sequencing and NGS



Fig. 4. The PAM of SpCas9-NG in human cell. (A) Target harboring a library of PAM sequences at N6-Neo2. (B) Pie chart for comprehensive screening of the PAM for SpCas9-NG at
Neo2 site (via Sanger sequencing). (CeD) Sequence logo and ratio of recognized PAMs calculated based on NGS data at Neo2 site. (E) HEK-293 cells were co-transfected pmTmGwith
single PAM and CRISPR-Cas systems. Images were obtained 48 h after transfection. (F) Relative activity of different PAM at Neo2 site was analyzed with FCA (red represents
tdTomato; green represents EGFP).
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sequencing (Fig. S14). The coverage of the libraries N4-Neo1, N4-
Zeo, N6-Neo2 determined by NGS was 100%, 99.22%, and 96.12%,
respectively. Detailed sequences of the sites are listed in Table S3.

4.3. Cell culture, transfection, images and FCA

On day 1, 1.8*105 HEK-293 cells were seeded per well of a 12-
well plate, and cultured in DMEM media supplemented with 10%
FBS, penicillinestreptomycin, at 37 �C with 5% CO2. On day 2, HEK-
293 cells were co-transfected with 400 ng pmTmG PAM library and
its 0.75 times the molar number of plasmids expressing Cas and
sgRNA (crRNA) using TurboFect (Thermo) (Fig. S15). The fresh
mediumwas added in the wells of transfected HEK-293 cells on day
3. Images were obtained under an inverted fluorescence micro-
scope on day 4. The transfected cells were analyzed using a
Cytomics FC 500 MPL flow cytometer at day 4. Quantification was
based on relative fluorescent frequencies. Green percentage/red
percentage was determined by the formula (O2þO4)/(O1þO2),
where O2 is the cells in both green and red, O1 is the cells only in
red, and O4 is the cells only in green.

4.4. Sequence analysis

Purification of plasmids from cells was performed using stan-
dard protocols. PCR is used to amplify the sequences flanking the
CRISPR target locus, and products were inserted into the vector
pJET1.2. Detailed sequences of the primers used are listed in
Table S4. The fragment flanking the target sequence was amplified
for NGS via a two-round PCR harboring barcode for the amplicons.
Detailed sequences of the primers used are listed in Table S4.
Amplicons were then subjected to HiSeq 2500 sequencing (Illu-
mina). All raw data are available through NCBI SRA (PRJNA533734:
PAM-DOSE). PAM regions without indel within three bases near
PAM were extracted. PAMs were counted and used to generate
sequence logos [27].
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