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Figure S1. Overview of C2H2-ZF prevalence in metazoans. Number of C2H2-ZF proteins (grey, upper
axis) as well as individual C2H2-ZF domains (blue, lower axis) in metazoan genomes. Organisms are sorted
by their phylogenetic relationship similar to Figure 2. Vertebrates are shown on the left. C2H2-ZF numbers
are obtained by scanning C2H2-ZF protein sequences from CisBP' using Pfam model PF00096.
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Figure S2. Number of C2H2-ZFs with highest preference for each DNA triplet. The order of triplet (y-
axis) and organisms (x-axis) is the same as Figure 1a. In the three heatmaps, in order from top to bottom,
the following C2H2-ZFs are included: (Top) All C2H2-ZFs with a canonical length of 23 (same as in Figure
2); (Middle) C2H2-ZFs of length 23, whose predicted motifs are highly selective, meaning that the most
preferred DNA friplet is at least twice as likely to be bound than the second most preferred DNA ftriplet;
(Bottom) C2H2-ZFs of length 23, whose binding context in the multi-ZF arrays matches the canonical
“binding mode #1” according to Garton et al.2. Binding modes represent the variations in the orientation of
the ZF relative to DNA, and are mainly defined based on boundary residues at positions -2 of the ZF of
interest and position +9 of its preceding ZF in the multi-ZF array. Binding mode #1 was selected here
because the recognition code that was used for predicting DNA ftriplets was trained on B1H data in the
context of mouse Egr1-ZF3, which also uses binding mode #1.



Homo sapiens

Gorilla gorilla

Pan troglodytes

Pongo pygmaeus
Macaca mulatta
Callithrix jacchus
Tarsius syrichta
Microcebus murinus
Otolemur garnettii
Tupaia belangeri
Ochotona princeps
Oryctolagus cuniculus
Spermophilus tridecemlineatus
Mus musculus

Rattus norvegicus
Dipodomys ordii

Cavia porcellus
Dasypus novemcinctus
Choloepus hoffmanni
Erinaceus europaeus
Sorex araneus

Equus caballus
Pteropus vampyrus
Myotis lucifugus

Bos taurus

Vicugna pacos
Tursiops truncatus

Sus scrofa

Felis catus

Canis familiaris
Ailuropoda melanoleuca
Echinops telfairi
Procavia capensis
Loxodonta africana
Macropus eugenii
Monodelphis domestica
Ornithorhynchus anatinus
Taeniopygia guttata
Gallus gallus

Meleagris gallopavo
Anolis carolinensis
Xenopus tropicalis
Xenopus laevis
Tetraodon nigroviridis
Takifugu rubripes
Gasterosteus aculeatus
Oryzias latipes

Danio rerio

Number of C2H2-ZF domains per triplet
0 100 150 200

[

HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH

HHHHHHHHHHHH

250

Oikopleura dioica
Ciona intestinalis

Ciona savignyi
Branchiostoma floridae
Strongylocentrotus purpuratus
Schistosoma mansoni
Schistosoma japonicum
Lottia gigantea
Capitella teleta
Helobdella robusta
Bombyx mori
Drosophila pseudoobscura
Drosophila persimilis
Drosophila willistoni
Drosophila ananassae
Drosophila erecta
Drosophila yakuba
Drosophila sechellia
Drosophila melanogaster
Drosophila simulans
Drosophila grimshawi
Drosophila mojavensis
Drosophila virilis
Anopheles gambiae
Culex pipiens

Culex quinquefasciatus
Aedes aegypti

Nasonia vitripennis
Apis mellifera
Tribolium castaneum
Acyrtosiphon pisum
Pediculus humanus
Daphnia pulex

Ixodes scapularis
Wouchereria bancrofti
Brugia malayi

Loa loa

Pristionchus pacificus
Caenorhabditis elegans
Caenorhabditis remanei
Caenorhabditis briggsae
Caenorhabditis japonica
Caenorhabditis brenneri
Meloidogyne incognita
Hydra magnipapillata
Nematostella vectensis

Number of C2H2-ZF domains per triplet
50 100 150 200 250 300 350 400 450

——E o= o

E=_=_=====D—E=EH-EEHHHEEEEEEEEEEEEEEEEH

Figure S3. Multiple C2H2-ZFs recognize each triplet in metazoans. The bar plots represent the lower
and upper quartile of the number of C2H2-ZFs that are predicted to have highest preference for each triplet,
with the median shown using the centroid line. Vertebrates are shown on the left.
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Figure S4. C2H2-ZFs with related contact residue combinations recognize the same triplets in
metazoans and non-metazoans. (a) Number of C2H2-ZFs with highest preference for each DNA ftriplet,
based on experimental motifs obtained by B1H for 7006 metazoan C2H2-ZFs and 366 non-metazoan
C2H2-ZFs®. (b) Triplets most preferred by 48 unique base-contacting residue combinations that were
present in at least one metazoan and one non-metazoan C2H2-ZF, in previously reported B1H data®. For
each base-contacting residue combination, the average metazoan motif and the average non-metazoan
motif were calculated, and the triplet with the maximum motif score was assigned to each combination in
each lineage. Each element of the heat map shows the number of combinations that recognize the triplet on
the left in non-metazoans, and the triplet on the top in metazoans. The rows and columns are in the same
order, such that the diagonal represents recognition of the same triplet in both lineages.



Q
ko)

1
o
w
>

o
°©

1
o
N
»

(¢
ko)

1
o
o
~

CD200 ®200 o 200 , =082
L " * e o
€ _ ey oo % 2, < ot '..'.'. < O S
© <= v e e Wem o = o * o ° © = LY
-5 L ‘o' -y e, -5 ‘.\.. A
o O ° o o o O » * ) * s
ST | T ameM e 87 s St did 5| 0 N A
8; 8 s 2 * % 8; ) e "‘;“ 8; ‘e o ‘J.
NS e g 'Q.‘o ‘.:o N © o K & o' N © 00..'0 % ¢
E a L 4 o* “.0 N E a o .OQ *. ‘ Py E E ”.s.
= ' @ o~' . = .\\0. *e o = " .“ * .
D.g ogt ™ e 0, a o D.% * e ,.:O D.% . O.’&'. o
xS phate, f 5= N 5= A,
”0. A - *%.) e o © °
= 2% tetr o 2= (e o e = .
0  DBFscorerank 200 0  DBFscorerank 200 0 Max PBM Z-score 200
rank (ME array layout)
d e f
! 1 1
g )
3| o
S 3 o R
5 8 88 53
o3 c Q o]
T o (0] E
B QW ® &
30 e o3
5 a <
pd
01 0 0

0 Full DBF score 1 0 Full DBF score 1 0 Full DBF score 1

Figure S5. Evaluation of DBF model. (a-c) Correlation between DBF score and maximum PBM Z-score.
Axes show the ranks of 185 C2H2-ZFs with respect to their DBF scores or previously reported maximum
PBM Z-scores®. The red and blue dots correspond to PBMs that are labeled as successful or failed,
respectively. The Spearman correlations for successful PBMs and all PBMs are denoted on top of each
panel in red and black, respectively. The scatterplots of DBF vs. PBM Z-score for each of ME and HK array
layouts are shown in (a) and (b), respectively. The ME and HK array Z-scores are directly compared in the
(c), providing an upper bound on the obtainable correlation. (d-f) DBF sub-models for base-contacting and
non-base-contacting residues. Two additional random forests were trained using previously published B1H
data® to classify whether a C2H2-ZF binds any specific DNA sequences, one with only the C2H2-ZF base-
contacting residues and the other with only non-base-contacting residues as the classifier covariates. Each
contour plot shows the distribution of DBF scores for 106,771 eukaryotic C2H2-ZFs, with red, green and
blue representing high-, medium- and low-density regions, respectively. d, e, and f show the correlation of
scores produced by each of the sub-models and their average, respectively, against scores produced by the
full model. Note that the linear combination of sub-models in f cannot take into account the covariate
interactions between base-contacting and non-base-contacting residues.
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Figure S6. Correlation between non-base-contacting DBF score and the salt bridge formation arising
from Lys and Arg rotamer proximity to DNA PO4 groups. The changes in backbone DBF score and
electrostatic-enabling rotamers were calculated using the same pairs of natural/recombinant C2H2-ZFs as
in Figure 2b-d. The black dashed line represents the average DBF score, and the red dashed lines
represent the 95% confidence interval for the average. Pearson correlation is 0.19 (P < 0.01).
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Figure S7. Origins of C2H2-ZF pedigrees. (a) Two examples of high-confidence pedigrees are highlighted
in blue, and two phylogenetic clusters that are likely missing several extant C2H2-ZFs from other species
are highlighted in grey. The phylogram on the left depicts example C2H2-ZFs, the phylogram on the top
represents the species tree, and the dots in the matrix mark the organisms that contain at least one copy of
each C2H2-ZF. High-confidence pedigrees follow a maximum-parsimony pattern of gain/loss in the species
tree, and usually contain all or most of the species from a specific taxon (blue boxes in the matrix). In
contrast, C2H2-ZF groups that are missing extant members (due to incomplete genome annotations or
erroneous reconstruction of the C2H2-ZF phylogenetic tree) require multiple gain/loss events in the species
tree to explain their evolutionary history, which is not compatible with maximum parsimony. The C2H2-ZF
phylogenetic tree is reconstructed using the C2H2-ZF sequences excluding the base-contacting residues,
which are highlighted in yellow. (b-d) The evolutionary history of human KRAB- and non-KRAB-associated
C2H2-ZFs within high-confidence pedigrees, and the overlap of origin of KRAB-associated C2H2-ZFs with
invasion of retroelements. (b) Histogram of the divergence of retroelements relative to their consensus
sequence, taken from RepeatMasker®. Two major periods of retroelement invasion can be seen as two
peaks in the histogram. (¢) Histogram of the age of human KRAB-associated C2H2-ZF pedigrees. (d)
Histogram of the age of human non-KRAB C2H2-ZF pedigrees. For determining the age of pedigrees, the
time of divergence of the ancestral organism that maps to the origin of each pedigree was used®. The x-axis
for (b) is scaled so that each unit of substitution corresponds to 5.44 million years in (¢) and (d), as
previously determined?. (e) Inferred divergence time of C2H2-ZF pairs for a representative pair of human-
mouse orthologs. The numbers represent the start and end of C2H2-ZFs in the full-length protein. Black
borders highlight pairs of C2H2-ZFs that belong to a high-confidence pedigree. Blue borders stand for pairs
of C2H2-ZFs with identical sequences. See Additional file 2 for all pairwise comparisons of C2H2-ZF
orthologs between human and mouse.
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Figure S8. Robustness of diversity analysis to inaccuracies in the recognition code. (a) Barplots of
recognition diversity vs. median non-base-contacting DBF score of C2H2-ZF pedigrees that originated in the
ancestor of higher primates (left) or placentals (right). The Pearson correlation of recognition diversity vs.
median non-base-contacting DBF score is shown on top of each graph along with the associated P-value.
(b) Comparison of the similarity of experimentally measured motifs for pairs of C2H2-ZFs that are predicted
to bind to the same or different DNA triplets, based on (left) B1H data obtained from >8000 individual C2H2-
ZFs in fusion with F1-F2 region of mouse Egr1®, or (right) based on motifs obtained from various full-length
proteins in PBM, SELEX, or ChlP-seq experiments®. (c) Fraction of high- and low-affinity non-base-contact
residues in pedigrees with varying recognition diversity. Calculations are similar to Figure 6¢, except that
only a subset of high-confidence C2H2-ZF motif predictions are included, consisting of C2H2-ZFs that use
the canonical “binding mode” number 1 according to Garton et al.?, and are highly selective, meaning that
the most preferred DNA ftriplet for each C2H2-ZF is twice as likely to be bound compared to the second
most preferred DNA triplet. Binding modes are defined based on boundary residues at positions -2 of the ZF
of interest and position +9 of its preceding ZF in the multi-ZF array®. (d) Same as Figure 6c, except
pedigree diversity is defined based on the number of different specificity residue combinations rather than
the number of different predicted DNA triplets.
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Figure S9. Correlation of kaleidoscopic evolution with DNA-binding affinity of non-base-contacting
residues. (a,b) The box plot in (a) shows the distribution of non-base-contacting DBF scores for C2H2-ZFs
with varying rates of kaleidoscopic evolution. The box plot in (b) includes only C2H2-ZFs with matching
predicted and experimental motifs, i.e. C2H2-ZFs whose base-contacting residues match at least one
experimentally examined C2H2-ZF*® and whose recognition code-predicted motif matches the experimental
motif (Pearson correlation >0.9). The bottom and top of the boxes represent the first and third quartiles. The
whiskers represent 1.5 times the interquartile rxange. (¢,d) The box plots represent the distribution of
change in base-contacting DBF scores for C2H2-ZFs with different non-base-contacting DBF scores. The
box plot in (c) corresponds to all extant-ancestor C2H2-ZF pairs, and (d) represents pairs of extant and
ancestral C2H2-ZFs filtered for high-confidence motif predictions (similar to b).
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