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[0)
Nucleic Acid Cg"n?eﬁt $9.6 Fab Kq (M) Log(Ks)
13-bp dsDNA W N.D.
3.79 + 0.41 5.42 + 0.05
HC Y54F 83+0.8 5.08 + 0.04
HC_Y54W 11.8+23 4.93 +0.08
HC_Y54H 43+04 5.37 + 0.03
HC_Y54R 191+023 5.72 + 0.06
13-bp dsRNA HC_Y54Q 164+02 5.79 + 0.05
HC_Y54A 235 +0.35 5.63 + 0.06
HC_Y54L 399+1.1 54+011
HC Y54V 161+0.25 5.79 + 0.07
HC_Y54M 453+21 5.35 + 0.11
WT 0.19 + 0.02 6.72 + 0.06
HC S31A 0.14 +0.02 6.85 + 0.06
HC S31G 0.17 +0.01 6.77 +0.04
HC S31L N.D.
HC Y32A 254 + 17 472 +0.05
HC_Y54F 0.4 +0.01 6.39 + 0.01
HC_Y54W 0.76 + 0.46 6.17 +0.27
HC_Y54H 0.36 + 0.08 6.45 + 0.1
HC Y54R 0.15 + 0.01 6.82 + 0.04
HC_ Y540 0.73+0.14 6.14 + 0.08
HC_Y54D 5.16 + 2.3 5.29 + 0.19
HC_Y54A 2.65+05 5.58 + 0.09
HC Y54L 1.93+0.6 571+0.14
HC Y54V 124+0.1 5.91 + 0.05
HC_Y54M 141+0.1 5.85 + 0.05
HC_Y54G 11.35+37 4.96 + 0.14
. HC_N55A 0.27 011 6.58 + 0.18
13-bp DNA-RNA hybrid HC_N55R 0.42%0.12 6.39£0.13
HC Y100A | 0.13+001 6.89 + 0.03
HC_Y100F 0.17 +0.03 6.79 + 0.08
HC_Y101A N.D.
HC_Y101F 0.32 £ 0.07 6.5+ 0.09
HC G102A 53+ 137 5.3 +0.13
HC G102L N.D.
HC_S103A 0.22 + 0.01 6.66 + 0.03
HC_S103L 0.13 + 0.01 6.89 + 0.04
HC_R104A N.D.
LC N33A 1.16 + 0.24 5.94 + 0.09
LC N33K 0.22 +0.03 6.67 + 0.07
LC_Y54A 0.12 + 0.04 6.94 + 0.16
LC_Y54F 0.16 + 0.08 6.83 + 0.24
LC H31A 191+04 5.73 + 0.09
LC Y37F 0.37 +0.03 6.44 + 0.04
LC C219A | 0.11 +0.002 6.95 + 0.01
dG4C:rC10G, 13-bp hybrid W 0.18 + 0.03 6.75 + 0.08
rU7A:dA7T, 13-bp hybrid 0.11 +0.02 6.95 £ 0.07




2'-OH (Uridine) at dT5, 13- 0.14 + 0.01 6.87 + 0.04
bp hybrid T T
2'-OH at dT3-dG4-dT5-dC6-
dA7, in 13-bp hybrid 0.1+£0.01 7.0 £0.05
2'-OH at U7-G8-A9, in 13-bp
dSDNA 7.0£19 5.15+0.11
dT3-dC6-dA9-dC12 in RNA
strand, 13-bp hybrid 0.38 £ 0.05 6.4 £ 0.06
dT2-dG4-dC6-dG8-dC10-
dC12 in RNA strand, 13-bp 206 £5.8 4.68+£0.12
hybrid
0 N.D.
10 N.D.
20 N.D.
30 N.D.
40 N.D.
1O'bph[;l't:'ripa'RNA 50 311+0.2 55+0.1
60 0.61 £ 0.08 6.21£0.01
70 0.42 £ 0.03 6.37 £ 0.04
80 0.57 £0.08 6.24 £ 0.03
90 1.02+0.14 6.01 + 0.06
100 2.61+0.9 555+0.12
15-bp DNA-RNA 0
hybrid N.D.
13-bp dsDNA from human N.D
FUS locus T
13-bp dsRNA from human 536+0.9 597 +0.07
FUS locus T T
13-bp hybrid from human 0.08 + 0.01 711 + 0.08
FUS locus T T
13-bp dsDNA from B-actin N.D
terminator region e
13-bp dsR_NA from_ [B-actin 159 +0.26 582 +0.07
terminator region T T
13-bp hyt_)rid from _B-actin 0.09 + 0.01 703 +0.08
terminator region - T

Supplementary Table 1. Summary of fluorescence polarization titrations of nucleic acids
with S9.6.

HC: heavy chain; LC: light chain. N.D.: not determined due to weak binding. Values are mean +
s.d. n= 3 biologically independent samples. Source data are provided as a Source Data file.



Free S9.6 Fab
PDB: 7TQA

S9.6 Fab bound to a
13-bp DNA-RNA hybrid
PDB: 7TQB

Data collection

Space group

Cell dimensions
a,b,c(A)

a, B,y (°)
Resolution (A)
Rsym or Rmerge
/ol
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Refinement
Resolution (A)
No. reflections
Rwork/ Rfree

No. atoms
Macromolecule
Water
Ligand

No. nucleotides
DNA
RNA

R.M.S. deviations
Bond lengths (A)
Bond angles (°)

Ramachandran plot (%)
Favored
Allowed
Disallowed

P31

96.65, 96.65, 140.58
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45.7 - 2.33 (2.41 - 2.33)
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94.7
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0.0

P1211

38.43, 158.88, 43.14
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36.12 - 3.1 (3.211 - 3.1)
0.2425 (0.533)

2.12 (1.16)
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(0.2743/0.2752)
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6
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13

0.004
0.78
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Supplementary Table 2. Summary of data collection and refinement statistics for the crystal
structures of free S9.6 Fab and S9.6 Fab bound to a 13-bp DNA-RNA hybrid duplex.


https://www.rcsb.org/structure/7TQA
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Supplementary Figure 1. Biophysical characterization of the stability of 13-bp duplexes. (a-
c) Differential scanning calorimetry (DSC) analysis of 13-bp duplexes. Sequences of double-
stranded (ds) nucleic acids used are shown on top of each panel with RNA and DNA indicated in
red and blue, respectively. The measured melting temperature (Tm) is indicated. d Circular
dichroism (CD) measurement of the 13-bp duplexes shown in (a-c). e CD measurement of hybrids
containing varying numbers of ribonucleotides with their sequences shown on the right. All CD
values are mean + s.d. n=3 biologically independent samples. Source data are provided as a Source

Data file.
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Supplementary Figure 2. Biophysical characterizations of nucleic acid binding preferences
of S9.6 Fab. a-b Fluorescence polarization titrations of S9.6 with different types of nucleic acids
derived from 13-bp segments of the R-loops from the human FUS locus (a)! and the B-actin
terminator region (b)?. ¢ Fluorescence polarization titrations of S9.6 with different DNA-RNA
hybrids that contain ribonucleotides in the DNA strand. Sequences of double-stranded (ds) nucleic
acids used for S9.6 characterizations and locations of FAM labels are shown on top of each panel
with RNA and DNA nucleotides indicated in red and blue, respectively. Apparent binding
constants (Kas) are indicated. AFP: changes in fluorescence polarization, in mP units. N.D.: not
determined. Values are mean * s.d. n= 3 biologically independent samples. Source data are

01 1 10 100
[S9.6] (M)

provided as a Source Data file.

1000 10000

5 13-bp dsRNA §
BHCAGEYETAINS
!CCGUGGACGUAAA

;

@MGGCACCTGCATTT
trrrrrrrrannd

,CCGUGGACGUAAA

o 13opdsDNA i
#MGGCACCTGCATTT

trrrrrrrrennd

CCGTGGACGTAAA,

dsRNA

01 1 10 100 1000 10000

[S9.6] (NM)



@ 401 HC_Y54M
<130

+ dsRNA

10 100 1000 10000
[S9.6] (NM)

HC_WT
LC_C219A

SDS-PAGE

a b c d
a0 W . —
59.6 Fab N 404 R 40 WT 4 404 WT
504 S9.6 scFv HC_S31G | HC Y32A
q - HC_S103A
w] a0 {MC_S31A i 30{HC_Y100A { HC_s103L
HC_S31L HC_Y100F B
O 149 £ 15nM 0 N - o
I 184 + 28 nM g 201 L 20 i 20
10 10 10 10
01 o 0 0
-10 T T y T
10.01 01 1 10 100 1000 10000 01 1 10 100 1000 10000 10 100 1000 10000 01 10 100 1000 10000
[S9.6] ("M) [$9.6] (M) [S9.6] (nM) [59.8] (M)
e f g
Wt WT o WT ' '
404 401 WT 40 40 1
HC_NS5A HC Y101A HC_G102L LC_C219A
30| HC_NSS5K 304 HC_Y101F a0 HC_G102A 3
N - HC_R104A
o o
& 20 L 20 o 20 & 20
104 10 10 10
04 0 o 0
01 1 10 100 1000 10000 01 1 10 100 1000 10000 01 1 10 100 1000 10000 o1 7 Tio 100 1000 10000
[S9.6] (nM) : [S9.6] (nM) k [S9.6] (nM) I [S9.6] (nM)
- . ——— 50 i
a0{ WT a0 WT 40{ WT
LC_H31A LC_N33A 5 LC_Y54F 404 HC_Y54F 1
304 LC_Y37A 30/ LC_N33K 30 :giigj'\i\/
LC_Y37F N & -
w20 %20 % b
10 10 104
0 o] 0
0.1 10 100 1000 10000 0.1 1 10 100 1000 10000 01 1 10 100 1000 10000 01 1 10 100 1000 10000
[59.6] (nM) [S9.6] (nM) [S9.6] (nM) [S9.6] (NM)
m n p
50 . - - : 50 d d - : 80 80 y
WT WT 4 0] WT +dsRNA 1 zolwr + dsRNA 3
204HC_Y54A 401 HC_Y54R <1 g MC.Y54F  +dsRNA | ol HC_¥54r  +dsRNA
HC_Y54G HC_Y54Q . HC_Y54W  + dsRNA HC v540  +dsRNA
01HC_Y54L 301 HCY54D 01 HC Y84H  +dsRNA ] %
&, [Hc vsav &, g
< HC Y54M “ <30
10 10 20
10
oy Hf o] H : : o]
01 1 10 100 1000 10000 011 o 100 1000 10000 01 1 10 100 1000 10000 611 o 160 1000 10000
[59.6] (nM) [S9.6] ("M) [S9.6] (nM) [S9.6] (nM)
q r Marker
80 (kDa) - + DTT
0] WT + dsRNA i
60 HC_Y54A + dsRNA §
HC_Y54L + dsRNA
501HC ¥54V  + dsRNA



Supplementary Figure 3. Mutational analysis of nucleic acids binding by S9.6 variants. a
comparison of Fab (black) and scFv (single-chain variable fragment, red) forms of S9.6 in hybrid
binding. Values are mean * s.d. n= 3 biologically independent samples. (b-n) Fluorescence
polarization titrations of S9.6 variants binding to the 13-bp hybrid. Mutations are indicated in each
panel. Values are mean = s.d. n= 3 biologically independent samples. HC and LC indicate
mutations in the heavy chain and light chain, respectively. (0-q) Fluorescence polarization
titrations of 13-bp dsSRNA with S9.6 variants. Values are mean * s.d. n= 3 biologically independent
samples. r SDS-PAGE analysis of LC_C219A variant in the presence or absence of reducing
agents, showing the removal of the disulfide linkage. SDS-PAGE analysis was performed twice.
Source data are provided as a Source Data file.



Supplementary Figure 4. Representative electron density. a Composite simulated anneal-omit
2Fo-Fc density calculated using the final model of S9.6 bound to a 13-bp DNA-RNA hybrid and
superimposed with the final refined model, contoured at 1c. b Portion of the map in a showing the
S9.6 interface with the RNA strand. ¢ Portion of the map in a showing the S9.6 interface with the
DNA strand. d Composite simulated anneal-omit 2Fo-Fc density calculated using the final model
of free S9.6 and superimposed with the final refined model, containing 3 molecules per asymmetric
unit, contoured at 1c. e Portion of the map in d showing residues involved in RNA strand
recognition. f Portion of the map in d showing residues involved in DNA strand recognition. The
heavy chain, the light chain, the RNA and DNA strand are shown in blue, orange, red and green,
respectively.
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Supplementary Figure 5. Interfaces between S9.6 and hybrid and between HC and LC. a
Open-book view of the S9.6 interface with the hybrid. Left: solvent-accessible surface colored
according to area buried, from light blue or white (no burial) to red (>140 A2 per residue). Right:
Outward-rotated views of the binding interface. b Plot of nucleic acid surface area buried by the
heavy chain and light chain. c Plots of solvent-accessible surface area buried per residue on the
RNA strand (red) and the DNA strand (green) by S9.6 binding. d Plots of solvent-accessible
surface area buried per residue on S9.6 heavy chain (blue) and light chain (orange) by hybrid
binding. e Open-book view of the S9.6 heavy chain interface with the light chain. Colored as in a.
Right: Outward-rotated views of the binding interface. f Plots of solvent-accessible surface area

buried per residue on the heavy chain (blue) and the light chain (orange) by Fab formation. g
Electrostatic potential surface of S9.6.
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Supplementary Figure 6. Structural comparison of S9.6 in free and hybrid-bound states. a
Structural superposition of the three S9.6 molecules (in blue, magenta and gray) forming the
asymmetric unit in the free S9.6 structure. (b-c) Per-residue root-mean-square deviations (RMSDs)
between the three molecules shown in a. d Structural superposition of free S9.6 (gray) and S9.6
bound to hybrid (HC in blue; LC in orange). (e-f) Per-residue RMSDs between the free S9.6 and
its hybrid-bound structure. For RMSD calculations, individual VH, VL, CH1 and CL domains
were aligned to their counterparts. g Zoom-in view of d around the CDRs. Residues interacting
with the hybrid are shown as sticks. Magenta arrows indicate the conformational changes in CDR-
H3 upon hybrid binding. h Structural superposition of free S9.6 structure with the hybrid-bound
structure near CDR H3 loop. Clashes are shown as overlapping magenta arcs. i Crystal packing
contacts in free S9.6 structure involving CDR-H1 and H3 with a neighboring CL. Parallel lines
indicate a potential stacking interaction.
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Supplementary Figure 7. Evaluation of nucleobase-specific contacts to S9.6. a Overall view
of two nucleobase-specific contacts with S9.6. b Hydrogen-bonding patterns between N55 and
Y101 of S9.6 Fab and dG4 and rU7 nucleobases of the hybrid, respectively. ¢ Fluorescence
polarization titrations using hybrids with swapped dG4C-rC10G and rU7A-dAT7T pairs. Gray data
points correspond to a non-specific, secondary binding event and were excluded from the fits for
binding at the initial, high-affinity binding event. d Quantitation of data in ¢ showing lack of effects

of the base-pair swapping. Values are mean + s.d. n= 3 biologically independent samples. Source
data are provided as a Source Data file.
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Supplementary Figure 8. Comparison of S9.6 and RNases H strategies for hybrid
recognition. (a-f) DNA (left, green) and RNA (right, red) strand recognition by a S9.6 Fab (this
work), b Human RNase H1 hybrid-binding domain (HBD, PDB: 3BSU®) ¢ Thermovibrio
ammonificans RNase H3 N-domain (PDB: 4PY5%), d RNase H1 catalytic domain (PDB: 2QK9%),
e T. ammonificans RNase H3 catalytic domain (PDB: 4PY5%) and f RNase H domain of HIV-1
reverse transcriptase p66 (PDB: 6BSI°). g Occurrence of amino acids at the DNA or RNA binding
interfaces of S9.6 Fab (red), RNase H1 HBD (blue), RNase H3 N-domain (cyan), RNase H1
catalytic domain (light blue), RNase H3 catalytic domain (orange) and RNase H domain of HIV-
1 reverse transcriptase (green). h Sum of amino acid occurrences at the hybrid-binding interfaces

ing.
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Supplementary Figure 9. CD analyses of DNA-RNA hybrids with different GC contents. (a-
k) Temperature-dependent circular dichroism (CD) measurements of 10-bp DNA-RNA hybrids
with different GC contents. | Temperature-dependent CD measurement of a 15-bp DNA-RNA
hybrid with 0% GC content. Sequences of hybrids used are shown on top of each panel with RNA
and DNA nucleotides indicated in red and blue, respectively. The measured melting temperature
(Tm) for each duplex is indicated.
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