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Supplementary Table
Table S1. Binding energies from simulations, summary of targeting activity, list of strains, plasmids, and

oligos, and p-values separated in different tabs.

Tab 1: Binding energies of R1333 and R1335 with different PAMs in the bulge-free DNA systems.
The binding energies were calculated by the MM-GBSA approach. For a direct comparison, only the
recognized dinucleotide within the PAM has been included into calculations. Values represent the mean
and standard deviation calculated over a structural ensemble of 2,000 snapshots.

Tab 2: Binding energies of R1333 and R1335 with the canonical NGG PAM in the bulged DNA
systems. The binding energies were calculated by the MM-GBSA approach. For a direct comparison,
only the recognized dinucleotide within the PAM has been included into calculations. Values represent
the mean and standard deviation calculated over a structural ensemble of 10,000 snapshots.

Tab 3. Summary of targeting activity using NYGG PAMs. Bolded entries indicate when the 20th nt of
the target and the 1st nt of the PAM match.

Tab 4. List of strains, plasmids, and oligonucleotides used in this work.

Tab 5. List of p-values for two-tailed t-tests.



Supplementary Files

File S1. Interactive Krona plot for the PAM wheel in Figure 1C.

File S2. Interactive Krona plot for the PAM wheel in Figure S3.



Supplementary Figures
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Fig. S1. Assessing a growth-based circuit conferring ampicillin resistance in the presence of a PAM.
A) The gfp gene from the PAM-SCANR circuit was replaced with the bla resistance gene. E. coli cells
harboring the circuit were challenged with a gradient of ampicillin selection in the presence or absence of
the inducer IPTG. B) Growth in liquid culture following selection on different concentrations of ampicillin.
Values represent final ABSs00 measurements after overnight growth from independent experiments starting
from separate E. coli colonies. Bars represent the mean of each set of triplicate measurements. The cells
exhibited substantial growth even in the absence of IPTG and the presence of high ampicillin

concentrations, leading us to discard this circuit as the basis of the growth-based PAM screen.
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Fig. S2. Evaluating the properties and output of the growth-based circuit conferring catabolism of
D-xylose. A) Cells with a non-targeting sgRNA were grown in D-xylose medium with the indicated
concentration of IPTG. Bars represent the mean of each set of quadruplicate measurements. B) Cells were
grown in the xylose medium with or without IPTG induction. Values represent final ABSs00 measurements
after overnight growth from independent experiments starting from separate E. coli colonies. Bars represent

the mean of each set of duplicate measurements.
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Fig. S3. See next page for the figure legend.



Fig. S3. Biological replicate of the growth-based PAM screen and validation of individual sequences
in E. coli. A) Output of the biological replicate of the screen performed with Cas9. See Fig. 1 for more
details. Each dot represents a distinct five-nt sequence within the library. See File S2 for an interactive
version of the PAM wheel based on the Krona plot. B) Enrichment scores between biological replicates.
Each dot represents a distinct five-nt sequence within the library. C) Library fold-enrichment for the
biological replicates according to the rank-order of the PAM sequences. D) Assessing individual PAM
sequences in E. coli using the growth-based genetic circuit with the optimized medium conditions. Top:
ratio of final turbidity measurement. Bottom: individual turbidity measurements for the induced and
uninduced cultures. The displayed PAM sequences were cloned in place of the original PAM library, and
each was tested with a targeting sgRNA with and without IPTG induction. The AGGTG and AAGTG data
represent the same data presented for those sequences in Fig. 2A. Statistical significance was calculated in
comparison to the AGGTG sequence for using a two-tailed t-test assuming equal variance with a
requirement value of 0.05 (*) or 0.01 (**). Bars represent the mean of at least three replicates starting from

independent colonies.
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Fig. S4. See legend at end of figure panels.
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Fig. S4. See legend at end of figure panels.
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Fig. S4. See legend at end of figure panels.



GTGGC, PAM | I
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ACAACTACAACAGCCACAAC

- - -=----ACAA 1955% (321 reads)

5.97% (98 reads)

- - -GCCGACAA 359% (59 reads)
- --=-----CAA 353%(58reads)

ACAACTACAACAGCCA -

ACAACTACAACA -

ACAACTACAACAGC -

3.29% (54 reads)

--CTATATCATGGCCGACAA 231% (38 reads)

ACAA -

--CATGGCCGACAA 225% (37 reads)

GTCTATATCATGGCCGACAA 719% (36 reads)

ACAACTACAACA -

- - ---------GGCCGACAA 313%(35reads)
-----TATCATGGCCGACAA 177% (29 reads)

GTCTATATCATGGCCGACAA 158% (26 reads)

ACAAC -

- A 1.40% (23 reads)

--TATATCATGGCCGACAA 1.34% (22 reads)
GTCTATATCATGGCCGACA 134% (22 reads)
TCTATATCATGGCCGACAA 1.16% (19 reads)
GTCTATATCATGGCCGACAA 1.16% (19 reads)

ACAACTACAAC -

ACAACTACAACA -

ACAACTACAACAGCCACA

-CTTG

ACAACTACAACAG -

-CCGACAA 110%(18reads)

GTCTATATCATGGCCGACAA 0.91% (15 reads)

CTACAACAGC -

A A
A -

AC
AC

--CATGGCCGACAA 0.79% (13 reads)

ACAACTACAACAGCCA -
ACAACTACAACAGCC -

- ------ACAA (,79% (13 reads)

GTCTATATCATGGCCGACAA 0.61% (10 reads)

-3 c

ACAACTACAACAGCCAC -

ACAACTACAA -

ACAACTACAACAGCC -

----ATATCATGGCCGACAA 0.55% (9 reads)

GTCTATATCATGGCCGACAA 0.55% (9 reads)

-ATCATGGCCGACAA 0.55% (9 reads)

--CTATATCATGGCCGACAA 0.55% (9 reads)

ACAACTACAACAGCCACAA -

0.49% (8 reads)

ACAACTACAACAGCCACAAC
ACAACTACAACAGCCAC -

0.43% (7 reads)

-TCTATATCATGGCCGATCAA 0.37% (6 reads)

ACAACTACAACAGCCACA -

--ATATCATGGCCGACAA 0.30% (5 reads)

ACAACTACAACAGCCACAAC

-ATCATGGCCGACAA 0.24% (4 reads)

GTCTATATCATGGCCGACAA 0.24% (4 reads)

ACAACTACAACAGCCACAAC
ACAACTACAACAGCCA -

-TCTATATCATGGCCGACAA 0.24% (4 reads)

ACAACTACAACAGCCACAAC

--CTATCATGGCCGACAA 0.24% (4 reads)

(c] =

ACAACTACAACAGCCACAAC

Fig. S4. See legend at end of figure panels.
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TGGC, PAM [ }

TACAACTACAACAGCCACAACGTCTATATCATGGCCGACA Reference
TACAACTACAACAGCCACAA:CGTCTATATCATGGCCGACA23.24%(1251read5)
C e s s e s oo .o oo oo g -- oo - - oo - - - .- - - ACA 4.16% (224 reads)
TACAA - - - - - - - - =---=-=---1.. . CTATATCATGGCCGACA 370% (199 reads)
TACAACTACAACAGCC- - -AICGTCTATATCATGGCCGACA 2097% (160 reads)
R L R R R SR R B R BRI I N L L R BRI 2.64% (142 reads)
TACAACTACAACAGCCAC-A:CGT TATATCATGGCCGACA 247% (133 reads)
TACAACTACAACA - - - - -l----=->---=-----GCCGIACHA 2.43% (131 reads)
TACAACTACAA- - - ----=--l------.--CATGGCCGACA 167% (90 reads)
TACAACTACAA - - -=-=-=-=-=--1---CTATATCATGGCCGACA 1.64% (88 reads)
----------<~-<------:-~------~-~TGGCCGACA1,56%(84reads)
TACAACTACAACAGCCACAA-GTCTATATCATGGCCGACA 1.47% (79 reads)
TACAACTACAACAGC-————:»———-—-—»CATGGCCGACA1,43%(77reads)
TACAACT - - - - - = = = = = = = =j= = = = = = = = = = - - - - - - - ACA 141% (76 reads)
TACAACTACAACA-------l.GTCTATATCATGGCCGACA 1.41% (76 reads)
TACAACTACAACAGCCA - - -0--- - .- .. _.CATGGCCGACA 1.39% (75 reads)
TACAACTACAACAGCCACS- -ICGTCTATATCATGGCCGACA 1.36% (73 reads)
TACAACTACAACAG------:CGTCTATATCATGGCCGACA1‘21%(55reads)
TACAACTACAACS-------AICGTCTATATCATGGCCGACA 1.15% (62 reads)
TACAACT---------ACAA:CGTCTATATCATGGCCGACA0_89%(48read5)
TACAACTA- - - - - - - - - - - -]---CTATATCATGGCCGACA (.84% (45 reads)
-----------:-GTCTATATCATGGCCGACA0_82%(44read5)
T - - - - - - - - - - - e e - - - - s - - - - - - - - .- - .. - - - - - - 082% (44 reads)
- - : - - - - -GGCCGACA (.80% (43 reads)
TACAACTACAAC - - - - = = = -|= = = = = = - - - - - - - - - - - - - - (78% (42 reads)
TACAACTACAACAGCCACAAI- .- .- .. .ATCATGGCCGACA 0.78% (42 reads)
T- - - - - - - - - »—»»:--»»—-—--——--—-»-ACAo_72%(39reads)
TACAACTA--------=-=---1----...--.CATGGCCGACA (.71% (38 reads)
TACAACTACAACA - - - - - - -J- - - ... ... .. .GGCCGACA 069% (37 reads)
TACAACTACAACAG - -----1---CTATATCATGGCCGACA 0.67% (36 reads)
TACAACTACAACAGCCACAA:---CTATATCATGGCCGACAo,53%(31reads)
TACAACTACAACAGC-----ICGTCTATATCATGGCCGACA 058% (31 reads)
—--—-—:---—-ATATCATGGCCGACAO,56%(30reads)
TACAACTACAACAGCCACS- -j-----ATATCATGGCCGACA 0.54% (29 reads)
TACAAC--------------:------TATCATGGCCGACAo,50%(27reads)
TACAACTACAACAGCC - - - - - - - - - - - - - - - - - ACA 050%(27 reads)
- - - - - - - - - ——»——»————:——————— -CATGGCCGACA 0.48% (26 reads)
S s e e e e e oo - - oo o ... oo .- - oo - .- - - - .- -GACA 0.46%(25reads)
TACAACTACAACAG - - ----1- - ... ... .CATGGCCGACA 0.46% (25 reads)
TACAACTACAACAGCCACAA:---—TATATCATGGCCGACA0.45%(24reads)
TACAACTACAACAGC - - =-=--l--=-----GTCATGGCCGACA 0(.45% (24 reads)
- - - -----------------1CGTCTATATCATGGCCGACA 0.45% (24 reads)
TACAACTACA - - - N - - - - - - A CA 0.43% (23 reads)
TACAACTAC—-———-——-——:—--—-—-ATCATGGCCGACAO‘43%(23reads)
TACAACTACAIRICIAIGC - - - - -j- = = = = = = = = = = = = = = - - - CIA 0.43% (23 reads)
TACAACTACAACAGCCACA -!- ... . ATATCATGGCCGACA 0.41% (22 reads)
TACAACTACAACAGCCACAACGTCTATATCATGGCCGAo,41%(22reads)
TACAACTACAACAGCCACAAI " TCTATATCATGGCCGACA 041% (22 reads)
TACAACTA - - - - - - - - -« >« -y-«=-=-=--=--------CCGACA 0.41% (22 reads)
TACAACTACAACAGC-----1---CTATATCATGGCCGACA 0.41% (22 reads)
TaC - - : ©c S 9 c = 0 95 o oS - - 0.39% (21 reads)

Fig. S4. Indel formation upon targeting EGFP in U20S cells with SpCas9. A) Indel size and frequency
determined by TIDE for each target flanked by the indicated PAM sequence. B) Indel size and frequency
determined by TIDE for targets shifted by 1 nt. The adjacent PAM sequence is shown, where the target was
shifted by 1 nt to yield a YGG or NYGG PAM. C) Reproducibility of the indel distribution for two targets.
Each sample represents an independent experiment starting with DNA transfection. D) Next-generation

sequencing results analyzed by CRISPResso for each PAM motif in distinct locations.
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Fig. S5. See next page for the figure legend.



Fig. S5. Analysis of previously published, high-throughput PAM assays for Cas9 with at least SN
PAM libraries. A - C) Analysis of previous high-throughput PAM assays based on plasmid depletion in
E. coli (5, 12). A is based on one library in one study (5) while B and C are based on two libraries (Library
1 and Library 2, respectively) from another study (72). Depleted sequences would be associated with more
preferred PAM sequences. PAM assays were conducted with a SN PAM library for A and a 6N PAM library
for B and C. D - E) Analysis of previous high-throughput in vitro PAM assay with a SN library and different
concentrations of Cas9:crRNA:tracrRNA ribonucleoprotein complex (75). D and E are based on the screen
conducted with 0.5 nM and 50 nM Cas9, respectively. The resulting PAM sequences were grouped by the

indicated motif.
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Fig. S6. Molecular dynamics simulations of Cas9 recognizing NYGG as a bulged target, and plasmid
clearance by high-fidelity variants of Cas9. A) Comparing recognition of an NYGG PAM (GACC on the
target strand) versus recognition of an NGG PAM (ACC on the target strand) with a one-nt bulge between
the 19th and 20th nt of the target strand. For the bulge to occur, the 20th nt of the guide can base pair with
the first nt of the NYGG PAM on the target strand. Only the R-loop formed between the guide and the



target strand are shown, and the PAM is highlighted in yellow. B) DNA bulge-induced structural
perturbation observed across four simulation replicas. The extra G-nucleotide that introduces a bulge in
DNA is denoted with an arrow. “+1P” represents the phosphodiester group immediately adjacent to the
PAM duplex in the target strand. Below the bottom panels is a zoomed-in view of the phosphate lock loop-
mediated interaction with +1P, where the nucleobases around +1P in the target strand are not displayed for
clarity. The hydrogen bonds are denoted with dashed lines. In Simulations 1 and 2, the bi-arginine
completely lost hydrogen-bond contacts with the PAM. In Simulation 3, +1P was disengaged from the
phosphate lock loop that has an important role for dsSDNA unwinding, although the bi-arginine maintained
PAM recognition. In Simulation 4, both the PAM recognition and +1P interaction with the phosphate lock
loop remained unchanged, although the bulged G-nucleotide is aligned in an orientation opposite to that in
the other simulations, leading to a highly strained turn in the target strand. C - D) Poor plasmid clearance
by SpCas9uri and eSpCas9(1.1)ur variants in E. coli in the absence of a non-selective outgrowth. See Fig.
2D for details. Values represent measurements from independent experiments starting from separate E. coli
colonies. Bars represent the mean of each set of quadruplicate measurements. A value of 10° represents an
equal number of transformants between the targeting and non-targeting sgRNAs. Statistical significance
was calculated in comparison to the AGGTG sequence for each variant using a two-tailed t-test assuming

equal variance with a requirement value of 0.05 (*) or 0.01 (**).
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Fig. S7. See legend at end of figure panels.
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Fig. S7. See legend at end of figure panels.
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Fig. S7. See legend at end of figure panels.



CTGGC HEK site 3 bio rep 2
Enter gRNA sequence

cteaccaggagaggagagac

Guide sequence is reverse complement

Average percent
signal

Average peak
area

A 9482
W72

64541
624.89

9495 883168

“ @ o

9509 657.96

Percent A editing

e = == Weoam -

1

o n v
oc8888838,

596 1.74
813 245
Percent C editing

Percant Total peak area
BEEEBIBE
Percent Total peak area

Base postion in guide RNA
Percent G editing

Percent Total peak area
2068 g i
Percent Total peak area

-5885833888

Percent T editing

=it

Base postion in guide RNA

Fig. S7. Evaluating base editing with different PAMs in E.
A) Determining the base-editing locations in plasmid targets flanked by CGGT or TCGGT in E. coli. See
Fig. 6C for more details. Values are in comparison to a non-targeting control and represent the mean and
S.D. from three independent experiments starting from separate E. coli colonies. B) Base editing at different
endogenous sites in HEK293T cells. The displayed output from EditR (35) was used to report the frequency

of C-to-T edits. Analyses were conducted from three independent biological replicates starting from
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coli and at endogenous sites in human cells
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