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Figure S1: Quantitative substrate cleavage and binding kinetics. (A) Schematic of the trans
cleavage assay with a 10 nt substrate. Stage 1: Cas13d assembles with crRNA. Stage 2: the
assembled complex binds to a matched target. Stage 3: activated Cas13d cleaves the radiola-
beled trans substrate. (B) Representative gel with varying concentrations of the activated Cas13d
complex. The reaction initiates when the substrate RNA is added, and is quenched at various time
points (15 s, 30 s, 105 s, 12 min, 55 min, 208 min). (C) Quantification of cleavage gels were fit
to pseudo-first-order rate equations (solid lines) for the indicated activated RNP concentrations.
(D) Second-order rate and maximal first-order rate constants from a hyperbolic fit to the observed
rate constants from (C). (E) Schematic of the binding assay for Cas13d using a matched target
RNA (40 nt). Stage 1: Cas13d assembles with crRNA. Stage 2: the assembled complex binds
to the fully matched target. (F) Representative gel showing time courses for Cas13d binding to
trace radiolabeled MT RNA. Time points: 12 s, 90 s, 9 min, 29 min, 1.5 h, 3 h. (G) Time-course
data from the gel with fits to pseudo-first-order rate equations. (H) Second-order and maximal first-
order rate constants from a hyperbolic fit to the data from (G). Results are presented as the mean
with SEM from three independent experiments. (I) Basepair composition does not impact Cas13d
trans cleavage rates. We measured the trans cleavage activity for three matched pair sequences.
Cas13d was activated with fully matched crRNA–target pairs, and trans cleavage was measured
using a radiolabeled reporter substrate, as described above. (J) Rates (normalized kcat/KM to
MT1) were comparable across all three matched pairs, indicating that Cas13d cleavage rates are
not dependent on base-pair composition. Error bars represent SD from three independent repli-
cates.



Figure S2: Cas13d cleaves between UU dinucleotides. (A) Cleavage of a radiolabeled matched
target (MT) RNA(red) by Cas13d activated with an unlabeledMTRNA. Ladder: alkaline-hydrolyzed
MT RNA. The cleavage products are marked by dashed lines. (B) Cleavage of a 10 nt trans
substrate by activated Cas13d. Full cleavage requires a 5’-U ribose nucleotide; a deoxyribose
sugar in this position inhibits all cleavage. The reaction is initiated by the addition of substrate
RNA and quenched at different time points (15 s, 8 min, 30 min, 1 h, 2.5 h, 3.4 h)





Figure S3: Cryo-EM data collection, analysis, and resolution estimation of active state and
intermediate state of Cas13d-crRNA-matched-target RNA ternary complex (A) Workflow of
data collection and analysis of Cas13d-crRNA-matched-target RNA ternary complex(57, 61). (B)
Refined map of the active state of Cas13d-crRNA-matched-target complex colored by local resolu-
tion (top). Fourier Shell Correlation (FSC) curves for cross-validation between two half maps of the
active state of Cas13d-crRNA-matched-target RNA ternary complex. Resolutions were estimated
at FSC=0.143 (middle). Euler diagrams showing orientation distributions of the particles used in
the final 3D reconstruction (bottom). (C) Refined map of the intermediate state of Cas13d-crRNA-
matched-target complex colored by local resolution (top). Fourier Shell Correlation (FSC) curves
for cross-validation between two half maps of the intermediate state of Cas13d-crRNA-matched-
target RNA ternary complex. Resolutions were estimated at FSC=0.143 (middle). Euler diagrams
showing orientation distributions of the particles used in the final 3D reconstruction (bottom).





Figure S4: Cryo-EM data collection, analysis, and resolution estimation of the active and
intermediate Cas13d ternary complexes. (A) Workflow of data collection and analysis of
Cas13d-crRNA-matched-target RNA ternary complex(57, 61).(B) Refined map of the active state
of Cas13d-crRNA-matched-target complex colored by local resolution (top). Fourier Shell Correla-
tion (FSC) curves for cross-validation between two half maps of the active state of Cas13d-crRNA-
matched-target RNA ternary complex. Resolutions were estimated at FSC=0.143 (middle). Euler
diagrams showing orientation distributions of the particles used in the final 3D reconstruction (bot-
tom).(C) Refined map of the intermediate state of Cas13d-crRNA-matched-target complex colored
by local resolution (top). Fourier Shell Correlation (FSC) curves for cross-validation between two
half maps of the intermediate state of Cas13d-crRNA-matched-target RNA ternary complex. Res-
olutions were estimated at FSC=0.143 (middle). Euler diagrams showing orientation distributions
of the particles used in the final 3D reconstruction (bottom).



Figure S5: Cryo-EM data collection and analysis of Cas13d-crRNA-U10G-target RNA ternary
complex. Workflow of data collection and analysis of Cas13d-crRNA-U10G-target RNA ternary
complex(57, 61).



Figure S6: Cryo-EM data analysis of Cas13d-crRNA-U10G-target RNA ternary complex. Re-
fined map of the (A) intermediate state, (B) inactive state, (C) active state of Cas13d-crRNA-U10G-
target complex colored by local resolution (top). Fourier Shell Correlation (FSC) curves for cross-
validation between two half maps of the active state of Cas13d-crRNA-U10G-target RNA ternary
complex. Resolutions were estimated at FSC=0.143 (middle). Euler diagrams showing orientation
distributions of the particles used in the final 3D reconstruction (bottom).



Figure S7: Comparison to published EsCas13d structures. (A) Superposition of binary Es-
Cas13d structures. Gray: 6E9E from Zhang et al.(18). Colored: this study. The Cα-Cα-RMSD
is 1.327 Å. (B) Superposition of active EsCas13d structures. Gray: 6E9F from Zhang et al.(18).
Colored: this study. The Cα-Cα-RMSD is 0.700 Å.



Figure S8: Structural features of the inactive state. (A) EM density of the Cas13d ternary
inactive state (C4A target), colored by domains. Green: crRNA, Red: partial target RNA, Pink:
HEPN2 domain, Yellow: Helical-2 domain, Light blue: NTD domain, Dark blue: Helical-1 domain.
(B) Enlarged view of an elongated α-helix in the HEPN2 domain. (C) Enlarged view of the RNA
duplex with missing base pairing at the proximal end, near the C4A mismatch. (D) Enlarged view
of the nuclease active site in the inactive state (pink) overlapped with the binary structure from this
study (orange).



Figure S9: Conformational changes between the binary, intermediate, inactive, and active
states. Transparent cartoon representations of binary (left), intermediate (middle), and active
(right) states of Cas13d with vector arrows indicating the conformational changes of Cas13d upon
target binding and activation. Blue arrows represent the vector direction of the Helical-1 domain.



Figure S10: Cas13d activation reveals a positive-charge tunnel between Helical-2 and
HEPN1 domain. (A) Electrostatic surfaces of Cas13d from different states. The dashed circle
highlights the exposed positive charge in the active state. (B) Enlarged view of the exposed HEPN1
domain positive residues in the active state. (C) Cleavage activity of the indicated mutants in the
positive charge tunnel. Error bars: mean and SEM from 3 independent experiments.



Figure S11: Residues involved in intermediate state stabilization are required for efficient
Cas13d activation. (A) Structural overview of the Cas13d intermediate state bound to a matched
target. The complex is colored by domain: NTD (light blue), Helical-1 (dark blue), HEPN1 (green),
Helical-2 (yellow), and HEPN2 (pink). (B) Detailed view highlighting the interaction network be-
tween Cas13d residues and the RNAduplex. Residues selected for structure-guided alanine muta-
genesis (R735, Q676, N641, D639, S635, and N631) form critical domain-domain and protein-RNA
contacts that characterize this state. Hydrogen bonds are indicated by dashed lines. (C) Second-
order cleavage rates (kcat/KM ) of a trans substrate for WT and intermediate-stabilizing mutants,
normalized to WT activity. All alanine substitutions significantly reduce cleavage efficiency, validat-
ing the role of these residues in mediating the transition from the intermediate checkpoint to the
active state. Error bars: S.D. from three independent biological replicates. (D) 180° rotation of the
view in (B), showing additional contacts. Colors in (B–D) represent domains, as in (A).



Figure S12: AlphaFold3-predicted structures of multiple Cas13d orthologs suggest that the
active site loop (ASL) is conserved. (A) Enlarged views of ASL adjacent to the active site are
shown on the electrostatic surface. (B-F) ASL and active sites in the Cas13 orthologs. Salmon:
ASLs. The key active site residues are indicated explicitly.



Figure S13: WT Cas13d surface charge and trans-RNA binding groove. (A) Electrostatic
surface potential of WT Cas13d highlighting the trans-RNA binding groove and the position of
the ASL gatekeeper. (B) Transparent representation of ASL with E209A mutation. (C) Surface
representation of Cas13d. ASL is labeled in dim green.

Figure S14: ASL mutants lose specificity at mispaired target RNAs. (A) Target binding rates
(kon) and (B) cleavage efficiencies (kcat/KM) weremeasured for aMTandmismatches (C4A, U10G).
Bars show mean values; error bars indicate SD. Note that the hyperactivating E209AASL mutant
also increases binding and cleavage at mismatched targets.



Figure S15: A potential cation is observed near the active site. (A) Cryo-EM structure of the
active site highlighting the potential cation (grey). A potential cation is coordinated by the HEPN
nuclease motif (RφXXXH). (B) Gel showing time-course of trans-RNA cleavage in the presence
(right) and absence (left) of EDTA. Cleavage occurs without EDTA, while no cleavage is observed
with EDTA, indicating the essential role of metal ions in the cleavage reaction. Note that we cannot
definitively conclude that Mg2+ is involved in the chemical cleavage step.



Supplemental Tables

Plasmid Description Source
pIF1023 6xHis-TwinStrep-SUMO-Cas13d (26)
pIF1024 6xHis-TwinStrep-SUMO-dCas13d (26)

Table S1: Plasmids used in this study.



Sample Sequence

R1_crRNA CACCCGUGCAAAAAUGCAGGGGUCUAAAACUGAGCGGAUAACCUCUCUAUGG

R2_MT_kinetic GGGUUCGUACCAUAGAGAGGUUAUCCGCUCACCGAGAUCG

R3_C4A_kinetic GGGUUCGUACCAUAGAGAGGUUAUCCGAUCACCGAGAUCG

R4_U10G_kinetic GGGUUCGUACCAUAGAGAGGUGAUCCGCUCACCGAGAUCG

R5_MT_structure CGUACCAUAGAGAGGUUAUCCGCUCACCGA

R6_C4A_structure CGUACCAUAGAGAGGUUAUCCGAUCACCGA

R7_U10G_structure CGUACCAUAGAGAGGUGAUCCGCUCACCGA

R8_Target-1(T1) GGGUUCGUACCAUAGAGAGGUUAUCCGCUC

R9_Target-2(T2) GGGUUCGUACCAUAGAGAGGUUAUCCGCUCA

R10_Target-3(T3) GGGUUCGUACCAUAGAGAGGUUAUCCGCUCAC

R11_Target-4(T4) GGGUUCGUACCAUAGAGAGGUUAUCCGCUCACC

R12_Target-5(T5) GGGUUCGUACCAUAGAGAGGUUAUCCGCUCACCGA

R13_trans_substrate GGGUUCGUAC

R14_trans_4’dU_substrate GGGdUUCGUAC

R15_trans_5’dU_substrate GGGUdUCGUAC

R16_trans_4’,5’dU_substrate GGGdUdUCGUAC

R17_crRNA2 CACCCGUGCAAAAUUGCAGGGGUCUAAAACUUUUGGUUGACCACAUCUUGAA

R18_MT2_kinetic UUGGAAAACUUCAAGAUGUGGUCAACCAAAAUGCACAAGC

R19_crRNA3 CACCCGUGCAAAAUUGCAGGGGUCUAAAACCUUGAAGUUUUCCAAGUGCACU

R20_MT3_kinetic UCCACAGCAAGUGCACUUGGAAAACUUCAAGAUGUGGUCA

Table S2: RNA sequences used in this study.



Binary complex of EsCas13d
(EMDB-47892)
(PDB-9EBU)

Data collection and Processing
Magnification 29,000
Voltage (kV) 200
Electron exposure (e−/Å2) 80
Defocus range (µm) -1.2 to -2.2
Pixel size (Å) 0.81
Symmetry imposed C1
Initial particle images (no.) 1,248k
Final particle images (no.) 192k
Map resolution (Å) 3.06

FSC threshold = 0.143
Map resolution range (Å) 3-7

Refinement
Initial model used (PDB code) 6E9E
Model resolution (Å) 3.1

FSC threshold 0.5
Model composition

Non-hydrogen atoms 8097
Protein residues 860
Nucleotides 49

B factors (Å2)
Protein 44.30
Ligand 58.66

R.m.s. deviations
Bond lengths (Å) 0.005
Bond angles (°) 0.631

Validation
MolProbity score 2.38
Clashscore 7.88
Poor rotamers (%) 3.73

Ramachandran plot
Favored (%) 97.64
Allowed (%) 2.36
Disallowed (%) 0.00

Table S3: EsCas13d binary complex Cryo-EM data collection and processing statistics



EsCas13d with matched target
Intermediate state Active state
(EMDB-47903) (EMDB-47902)
(PDB-9EC9) (PDB-9EC8)

Data collection and Processing
Magnification 28,000 28,000
Voltage (kV) 300 300
Electron exposure (e−/Å2) 80 80
Defocus range (µm) -1.2 to -2.2 -1.2 to -2.2
Pixel size (Å) 0.8332 0.8332
Symmetry imposed C1 C1
Initial particle images (no.) 1377k 1377k
Final particle images (no.) 157k 176k
Map resolution (Å) 3.07 3.26

FSC threshold 0.143 0.143
Map resolution range (Å) 3 - 7 3 - 7

Refinement
Initial model used (PDB code) 6E9F 6E9F
Model resolution (Å) 3.3 3.1

FSC threshold 0.5 0.5
Model composition

Non-hydrogen atoms 7006 8663
Protein residues 676 861
Nucleotides 69 75

B factors (Å2)
Protein 72.85 90.90
Nucleotide 130.50 103.56

R.m.s. deviations
Bond lengths (Å) 0.004 0.003
Bond angles (°) 0.864 0.567

Validation
MolProbity score 1.54 1.38
Clashscore 7.39 6.95
Poor rotamers (%) 0.33 0.26

Ramachandran plot
Favored (%) 97.58 98.12
Allowed (%) 2.42 1.88
Disallowed (%) 0.00 0.00

Table S4: EsCas13d-MT ternary complex Cryo-EM data collection and processing statistics



EsCas13d with C4A target
Intermediate state Inactive state
(EMDB-47904) (EMDB-47908)
(PDB-9ECA) (PDB-9ECE)

Data collection and Processing
Magnification 28,000 28,000
Voltage (kV) 300 300
Electron exposure (e−/Å2) 80 80
Defocus range (µm) -1.2 to -2.2 -1.2 to -2.2
Pixel size (Å) 0.8332 0.8332
Symmetry imposed C1 C1
Initial particle images (no.) 3619k 3619k
Final particle images (no.) 235k 237k
Map resolution (Å) 3.19 3.01

FSC threshold 0.143 0.143
Map resolution range (Å) 3 - 7 3 - 7

Refinement
Initial model used (PDB code) 6E9F 6E9F
Model resolution (Å) 3.4 3.1

FSC threshold 0.5 0.5
Model composition

Non-hydrogen atoms 6918 8299
Protein residues 670 835
Nucleotides 67 68

B factors (Å2)
Protein 81.25 91.82
Nucleotide 146.62 144.89

R.m.s. deviations
Bond lengths (Å) 0.003 0.003
Bond angles (°) 0.769 0.550

Validation
MolProbity score 1.92 1.67
Clashscore 9.42 9.77
Poor rotamers (%) 1.67 1.60

Ramachandran plot
Favored (%) 96.33 98.05
Allowed (%) 3.67 1.95
Disallowed (%) 0.00 0.00

Table S5: EsCas13d-C4A ternary complex cryo-EM data collection and processing statistics



EsCas13d with U10G
Intermediate Inactive state Active state
(EMDB-47905) (EMDB-47906) (EMDB-47907)
(PDB-9ECB) (PDB-9ECC) (PDB-9ECD)

Data collection and Processing
Magnification 28,000 28,000 28,000
Voltage (kV) 200 200 200
Electron exposure (e−/Å2) 80 80 80
Defocus range (µm) -1.2 to -2.2 -1.2 to -2.2 -1.2 to -2.2
Pixel size (Å) 0.8332 0.8332 0.8332
Symmetry imposed C1 C1 C1
Initial particle images (no.) 1777k 1777k 1777k
Final particle images (no.) 136k 125k 196k
Map resolution (Å) 3.15 3.32 3.47

FSC threshold 0.143 0.143 0.143
Map resolution range (Å) 3 - 7 3 - 7 3 - 7

Refinement
Initial model used (PDB code) 6E9F 6E9F 6E9F
Model resolution (Å) 3.1 3.1 3.6

FSC threshold 0.5 0.5 0.5
Model composition

Non-hydrogen atoms 8162 8120 8143
Protein residues 832 831 821
Nucleotides 62 61 66

B factors (Å2)
Protein 70.79 88.13 118.92
Nucleotide 102.68 142.31 140.24

R.m.s. deviations
Bond lengths (Å) 0.003 0.003 0.003
Bond angles (°) 0.823 0.616 0.593

Validation
MolProbity score 1.49 1.60 1.60
Clashscore 6.01 7.65 6.56
Poor rotamers (%) 1.61 1.74 2.03

Ramachandran plot
Favored (%) 97.07 98.29 98.02
Allowed (%) 2.80 1.71 1.98
Disallowed (%) 0.12 0.00 0.00

Table S6: EsCas13d-U10G ternary complex cryo-EM data collection and processing statistics.
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