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Figure S1

"MAGIC" system to express GST fusion proteins.

DNA-binding domains (DBDs) were cloned into a pMAGIC Donor vector, enabling a bacterial

transfer of DBDs into pML280-T7GST , by "mating-assisted genetically integrated

cloning" (MAGIC, see Li et al. 2005), generating a recipient library expressing N-term GST fusion-DBD.
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Figure S2: Comparison of PBM data for DNA binding domain versus full-length protein.

We created two constructs for five transcription factors: one encompassing just the DNA binding

domain, and one spanning the entire protein. Each protein was applied to two PBMs of
independent sequence designs, and we compared the motifs and 8-mer scores after combining
the data from these arrays. (A) Primary and secondary motifs from Seed-and-Wobble, and
correlations of 8-mer enrichment scores (E-scores) for DNA binding domain and full-length
proteins. Both constructs produced essentially identical motifs by the Seed-and-Waobble
algorithm and highly correlated E-scores across all 8-mers. (B) (next page) Scatter plots of 8-
mer E-scores for the two constructs (DNA binding domain versus full-length) of these five

proteins.
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Figure S3: E. coli in vivo versus in vitro protein expression. We expressed six proteins both in
E. coli (in vivo) and in vitro (see Methods) and performed PBM experiments to determine the data
reproducibility for different methods of protein production. Proteins expressed in vivo were
purified by GST affinity chromatography (see Methods). Each individual protein sample was
applied to two PBMs of independent sequence designs, and we compared the motifs and 8-mer
scores after combining the data from both arrays. (A) Both methods of protein expression
produced essentially identical motifs by the Seed-and-Wobble algorithm and highly correlated
Enrichment scores (E-scores) across all 8-mers. (B) Correlation of 8-mer E-scores (left) and Z-
scores (right) for the C,H, zinc finger protein, Egrl.




Figure S4. PBM data reproducibility. Panels A-D show that replicate arrays cluster together.
We combined the 8-mer Z-scores from the two replicate arrays into a single file, with each
replicate retained as a separate column and each 8-mer in a separate row. To minimize the
impact of noise, we reduced this data structure to the 14,873 8-mers that have a Z-score of 6 or
greater in at least one experiment, and set entries less than zero to zero. We clustered these data
using Pearson correlations and hierarchical agglomerative linkage. Panel A shows the full
clustering analysis. Panels B, C, and D show zoom-ins of the left, middle, and right of Panel A.
Panel E shows the reproducibility of 8-mer E-scores (Pearson correlation coefficient r=0.65) and
Z-scores (Pearson correlation coefficient r=0.85) for replicate PBMs for a single transcription
factor (Esrra).
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Figure S5: Agreement of PBM k-mer data with prior motif data, in general.
Comparisons were performed as described in Materials and Methods. 44 of the 50
proteins (88%) in rings 1, 2, or 3 had their top AUC matches to members of their
structural families; 5 of these 44 proteins had their top AUC match to the expected
protein (the exact match, paralog, or ortholog referenced by the ring system). Full
comparison results (AUC > 0.8 and Q0 <0.01) are provided in Table S3.
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Figure S6. Comparison of PBM data versus K4 data. k-mers with higher median
signal intensity are of higher DNA binding affinity, as shown in PBM enrichment score
versus relative Kq plots for (A) yeast Cbfl(data shown for 8-mers analyzed by Maerkl
and Quake, Science (2007)) and (B) (next page) murine/human Max (data shown for
median of all 8-mers that contain each 7-mer analyzed by Maerkl and Quake, Science
(2007)). Yeast Cbfl PBM data are from Berger et al., Nature Biotechnology (2006). Max
PBM data are for murine Max from this paper. Ky data were calculated from ddG data
from Maerkl and Quake, Science (2007), and correspond to affinities for the highest
affinity sequences, of 16.6 nM for Cbfl and 67.0 nM for human MAX isoform A. The
lower limit of detection of the MITOMI assays was ~18 uM, as reported in that study.
Note: Maerkl and Quake, Science (2007) examined human Max protein. Additional
comparisons of PBM versus Ky data were shown previously in Berger et al., Nature

Biotechnology (2006) for Egrl (Zif268).
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Figure S7. Confirmation of PBM-derived motifs by EMSAs for three newly
characterized proteins (Zfp740, Osr2, Sp100) and one recently characterized protein
(Ztpl61, also known as ZF5 (Orlov et al., FEBS J, 2007)). Electrophoretic mobility shift
assays were performed to verify select motifs which were determined by PBM. Lane 1:
Zfp740 protein + Cg probe; lane 2: Zfp740 protein + (GC)s probe; lane 3: Zfp740 protein
+ (GGCC); probe; lane 4: Zfp161 protein + Cs probe; lane 5: Zfp161 protein + (GC)s
probe; lane 63: Zfp161 protein + (GGCC), probe; lane 7: Osr2 positive probe; lane 8:
Osr2 protein + Osr2 positive probe; lane 9: Osr2 protein + Sp100 positive probe; lane 10:
Sp100 positive probe; lane 11: Sp100 protein + Sp100 positive probe; lane 12: Sp100
protein + Osr2 positive probe. Lanes 1-6 were designed to examine the specificity of the
protein to its PBM-derived motif by testing each protein with two other probe sequences
of similar GC content (Zfp740 positive control probe containing Cs, Zfp161 positive
control probe containing (GC)s, or probe containing (GGCC),); see Materials and
Methods for the complete probe sequences. Lanes 7-12 validate binding by testing the
protein both to its PBM-derived motif and to a probe designed to test a different protein,
as a negative control.



TCAAAG

TGAATG

AACAAT

ACAATC

dANONSXAdN~NMUIT OIS Id 2000 I N

SRS AXdd Xdd XL S XOdd Xd

ELLEPMOao0XXOXX0 T XMWo XX XOoX

3] TN2oNoOoNTOo Nooowd

= nn unuun a2 nunn n
)

Figure S8. (A) HMG/SOX DNA-binding domains. Top, 2-D Hierarchical agglomerative
clustering analysis of relative ranks for 310 8-mers x 21 HMG/SOX DNA-binding domains (with
Sox7 as both DBD and FL). The 310 8-mers were selected because they have an E-score of 0.45
or greater for at least one of the DBDs shown. Each of the 310 8-mers was then given a rank
score (between 1 and 310) within each column, and the ranks were analyzed here, in order to
compensate for any overall differences in magnitude of the E-scores. Bottom, 6-mer sequences
that are preferred within the 8-mers shown in the top panel. Next page, Seed-and-Wobble logos

are shown next to a ClustalW phylogram derived using the amino-acid sequences of the DNA-
binding domains.
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Figure S8. (B) AP-2 DNA-binding domains. 2-D Hierarchical agglomerative
clustering analysis of relative ranks for 71 8-mers x 4 AP-2 DNA-binding domains.
The 71 8-mers were selected because they have an E-score of 0.45 or greater for at
least one of the TFs shown. Each of the 71 8-mers was then given a rank score
(between 1 and 71) within each column and the ranks were analyzed, in order to
compensate for any overall differences in magnitude of the E-scores.
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Figure S8. (C) ARID/BRIGHT DNA-binding domains. Top, 2-D Hierarchical
agglomerative clustering analysis of relative ranks for 119 8-mers x 3 ARID/BRIGHT DNA-
binding domains. The 119 8-mers were selected because they have an E-score of 0.45 or
greater for at least one of the TFs shown. Each of the 119 8-mers was then given a rank score
(between 1 and 119) within each column and the ranks were analyzed, in order to compensate
for any overall differences in magnitude of the E-scores. Bottom, 6mer sequences that are
preferred within the 8-mers shown in the top panel.
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Figure S8. (D) BZIP DNA-binding domains. Top, 2-
D Hierarchical agglomerative clustering analysis of
relative ranks for 130 8-mers x 4 BZIP DNA-binding
domains. The 130 8-mers were selected because they
have an E-score of 0.45 or greater for at least one of the
TFs shown. Each of the 130 8-mers was then given a
rank score (between 1 and 130) within each column and
the ranks were analyzed, in order to compensate for any
overall differences in magnitude of the E-scores.
Middle, 6-mer sequences that are preferred within the 8-
mers shown in the top panel. Bottom, Seed-and-Wobble
logos are shown next to a ClustalW phylogram derived
using the amino-acid sequences of the DNA-binding
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Figure S8. (E) ZnF_C4 DNA-binding domains. Top, 2-
D Hierarchical agglomerative clustering analysis of
relative ranks for 318 8-mers x 5 ZnF_C4 DNA-binding
domains. The 318 8-mers were selected because they have
an E-score of 0.45 or greater for at least one of the TFs
shown. Each of the 318 8-mers was then given a rank
score (between 1 and 318) within each column and the
ranks were analyzed, in order to compensate for any
overall differences in magnitude of the E-scores. Middle,
6-mer sequences that are preferred within the 8-mers
shown in the top panel. Bottom, Seed-and-Wobble logos
are shown next to a ClustalW phylogram derived using the
amino-acid sequences of the DNA-binding domains.
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Figure S8. (F) E2F DNA-binding domains. 2-D Hierarchical agglomerative clustering
analysis of relative ranks for 260 8-mers x 4 E2F DNA-binding domains. The 260 8-mers
were selected because they have an E-score of 0.45 or greater for at least one of the TFs
shown. Each of the 260 8-mers was then given a rank score (between 1 and 260) within
each column and the ranks were analyzed, in order to compensate for any overall
differences in magnitude of the E-scores.



Figure S8. (G) ETS DNA-binding domains. Top, 2-D
Hierarchical agglomerative clustering analysis of relative
ranks for 343 8-mers x 6 ETS DNA-binding domains.
The 343 8-mers were selected because they have an E-
score of 0.45 or greater for at least one of the TFs shown.
Each of the 343 8-mers was then given a rank score
(between 1 and 343) within each column and the ranks
were analyzed, in order to compensate for any overall
differences in magnitude of the E-scores. Middle, 6-mer
sequences that are preferred within the 8-mers shown in
the top panel. Bottom, Seed-and-Wobble logos are shown
next to a ClustalW phylogram derived using the amino-
acid sequences of the DNA-binding domains.
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Figure S8. (H) Forkhead (FH) DNA-binding
domains. Top, 2-D Hierarchical agglomerative
clustering analysis of relative ranks for 176 8-mers x 5
FH DNA-binding domains. The 176 8-mers were
selected because they have an E-score of 0.45 or greater
for at least one of the TFs shown. Each of the 176 8-
mers was then given a rank score (between 1 and 176)
within each column and the ranks were analyzed, in
order to compensate for any overall differences in
magnitude of the E-scores. Middle, 6-mer sequences that
are preferred within the 8mers shown in the top panel.
Bottom, Seed-and-Waobble logos are shown next to a
ClustalW phylogram derived using the amino-acid
sequences of the DNA-binding domains.
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Figure S8. (I) GATA DNA-binding domains.
Top, 2-D Hierarchical agglomerative clustering
analysis of relative ranks for 186 8-mers x 3
GATA DNA-binding domains (with Gata3 as both
DBD and FL). The 186 8-mers were selected
because they have an E-score of 0.45 or greater
for at least one of the TFs shown. Each of the 186
8-mers was then given a rank score (between 1
and 186) within each column and the ranks were
analyzed, in order to compensate for any overall
differences in magnitude of the E-scores. Middle,
6-mer sequences that are preferred within the 8-
mers shown in the top panel. Bottom, Seed-and-
Wobble logos are shown next to a ClustalW
phylogram derived using the amino-acid
sequences of the DNA-binding domains.
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Figure S8. (J) HLH DNA-binding domains. Top, 2-
D Hierarchical agglomerative clustering analysis of
relative ranks for 320 8-mers x 6 HLH DNA-binding
domains (with Max in duplicate and Bhlhb2 including
DBD and FL). The 320 8-mers were selected because
they have an E-score of 0.45 or greater for at least one
of the TFs shown. Each of the 320 8-mers was then
given a rank score (between 1 and 320) within each
column and the ranks were analyzed, in order to
compensate for any overall differences in magnitude of
the E-scores. Middle, 6-mer sequences that are
preferred within the 8-mers shown in the top panel.
Bottom, Seed-and-Wobble logos are shown next to a
ClustalW phylogram derived using the amino-acid
sequences of the DNA-binding domains.
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Figure S8. (K) Homeodomain (HOX) DNA-
binding domains. Top, 2-D Hierarchical
agglomerative clustering analysis of relative ranks
for 514 8-mers x 4 HOX DNA-binding domains
(with Tcfl in duplicate). The 514 8-mers were
selected because they have an E-score of 0.45 or
greater for at least one of the TFs shown. Each of
the 514 8-mers was then given a rank score
(between 1 and 514) within each column and the
ranks were analyzed, in order to compensate for
any overall differences in magnitude of the E-
scores. Middle, 6-mer sequences that are preferred
within the 8-mers shown in the top panel. Bottom,
Seed-and-Wobble logos are shown next to a
ClustalW phylogram derived using the amino-acid
sequences of the DNA-binding domains.
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Figure S8. (L) IRF DNA-binding domains. Top, 2-
D Hierarchical agglomerative clustering analysis of
relative ranks for 157 8-mers x 5 IRF DNA-binding
domains. The 157 8-mers were selected because they
have an E-score of 0.45 or greater for at least one of
the TFs shown. Each of the 157 8-mers was then
given a rank score (between 1 and 157) within each
column and the ranks were analyzed, in order to
compensate for any overall differences in magnitude
of the E-scores. Middle, 6-mer sequences that are
preferred within the 8-mers shown in the top panel.
Bottom, Seed-and-Wobble logos are shown next to a
ClustalW phylogram derived using the amino-acid
sequences of the DNA-binding domains.
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Figure S8. (M) RFX DNA-binding domains. Top,
2-D Hierarchical agglomerative clustering analysis
of relative ranks for 94 8-mers x 3 IRF DNA-
binding domains (with Rfx3 as both DBD and FL).
The 94 8-mers were selected because they have an
E-score of 0.45 or greater for at least one of the TFs
shown. Each of the 94 8-mers was then given a rank
score (between 1 and 94) within each column and
the ranks were analyzed, in order to compensate for
any overall differences in magnitude of the E-scores.
Middle, 6-mer sequences that are preferred within
the 8-mers shown in the top panel. Bottom, Seed-
and-Wobble logos are shown next to a ClustalW
phylogram derived using the amino-acid sequences
of the DNA-binding domains.
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Figure S8. (N) SAND DNA-binding domains. Top, 2-D
Hierarchical agglomerative clustering analysis of relative
ranks for 178 8-mers x 3 SAND DNA-binding domains.
The 178 8-mers were selected because they have an E-score
of 0.45 or greater for at least one of the TFs shown. Each
of the 178 8-mers was then given a rank score (between 1
and 178) within each column and the ranks were analyzed,
in order to compensate for any overall differences in
magnitude of the E-scores. Middle, 6-mer sequences that
are preferred within the 8-mers shown in the top panel.
Bottom, Seed-and-Wobble logos are shown next to a
ClustalW phylogram derived using the amino-acid
sequences of the DNA-binding domains.
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Figure S9. EMSA confirmation of secondary motifs. EMSAs were performed to
validate binding to secondary motifs, as determined by the Seed-and-Wobble algorithm
(Berger et al., Nature Biotechnology, 2006) for Hnf4a. Lane 1. Hnf4a primary probe
alone; lane 2: Hnf4a secondary probe alone; lane 3: GGTCCCA probe; lane 4: Hnf4a
protein + Hnf4da primary probe; lane 5: Hnf4a protein + Hnf4a secondary probe; lane 6:
Hnf4a protein + GGTCCCA probe; lane 7: Rara protein + Hnf4a primary probe; lane 8:
Rara protein + Hnf4a secondary probe; lane 9: Rara protein + GGTCCCA probe. Lanes
1-6 show that Hnf4a binds to both the primary and secondary motifs derived by PBM,
and very weakly to a third probe containing the sequence GGTCCCA; see Materials and
Methods for the complete probe sequences. Hnf4a is the only C4 class of zinc finger
proteins assayed in this study which showed a preference for this secondary motif
(GGTCCA secondary, GGTCA primary). To validate that this secondary motif is
specific to Hnf4a, we ran the same probes against another C4 zinc finger protein, Rara
(lanes 7-9). Rara can bind to the Hnf4a primary motif sequence (GGTCA), but not the
secondary motif of Hnf4a (GGTCCA), or to a probe containing the sequence
(GGTCCCA); Rara did not yield a significant secondary Seed-and-Wobble PBM motif.
All probe sequences are provided in the Materials and Methods.
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Figure S9 (continued). EMSA confirmation of secondary motifs. EMSAs were
performed to validate binding to secondary motifs, as determined by the Seed-and-
Wobble algorithm (Berger et al., Nature Biotechnology, 2006) Lane 1: Nkx3.1 primary
probe alone; lane 2: Nkx3.1 secondary probe alone; lane 3: Foxj3 primary probe alone;
lane 4: Nkx3.1 protein + Nkx3.1 primary probe; lane 5: Nkx3.1 protein + Nkx3.1
secondary probe; lane 6: Nkx3.1 protein + Foxj3 primary probe; lane 7: Mybl1 primary
probe alone; lane 8: Mybl1 secondary probe alone; lane 9: Foxj3 primary probe alone;
lane 10: Mybl1 protein + Mybl1 primary probe; lane 11: Mybl1 protein + Mybl1
secondary probe; lane 12: Mybl1 protein + Foxj3 primary probe; lane 13: Foxj3 primary
probe alone; lane 14: Foxj3 secondary probe alone; lane 15: Nkx3.1 primary probe alone;
lane 16: Foxj3 protein + Foxj3 primary probe; lane 17: Foxj3 protein + Foxj3 secondary
probe; lane 18: Foxj3 protein + Nkx3.1 primary probe; lane 19: Rfxdc2 primary probe
alone; lane 20: Rfxdc2 secondary probe alone; lane 21: Mybl1 primary probe alone; lane
22: Rfxdc2 protein + Rfxdc2 primary probe; lane 23: Rfxdc2 protein + Rfxdc2 secondary
probe; lane 24: Rfxdc2 protein + Mybl1 primary probe; lane 25: Myb primary probe
alone; lane 26: Myb secondary probe alone; lane 27: Rfxdc2 secondary probe alone; lane
28: Myb protein + Myb primary probe; lane 29: Myb protein + Myb secondary probe;
lane 30: Myb protein + Rfxdc2 secondary probe. All probe sequences are provided in the
Materials and Methods.



Primary Motif

~TATGCAxA. .

Secondary Motif

&AETAATTAA_J

Tertiary Motif

__ eAATAxxc .

Construct SELEX Consensus Site
POU TATGCAAAT

POUp RTAATNA

POUgq GAATATKC

Verrijzer, et al., EMBO Journal (1992), 11:4993-5003
R=AorG;K=TorG;N=A,C,G,orT

Figure S10: Primary, secondary, and tertiary Seed-and-Wobble motifs for the human POU
homeodomain Oct-1. We searched for secondary and tertiary motifs in previously generated
universal PBM data [Berger, et al., Nature Biotechnology (2007), 24:1429-1435] using our
modified Seed-and-Wobble algorithm [Berger, et al., Nature Biotechnology (2007), 24:1429-
1435] described in Materials and Methods. For one protein, human Oct-1, which has a
bipartite POU DNA-binding domain, another group had already determined the consensus
binding sites by in vitro selection (SELEX) for three separate constructs: the entire POU domain,
the POU-specific subdomain (POUs), and the POU-type homeodomian (POUyp) [Verrijzer, et
al., EMBO Journal (1992), 11:4993-5003]. The three motifs we derived from our universal
PBM data correspond exactly to the previously-identified binding sites for these three constructs,
suggesting to us that we can capture multiple modes of DNA-protein interactions in vitro from a
single experiment.
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Figure S11. High-scoring k-mers belonging to the Jundm2 secondary motif are not
bound as well by the related bZIP protein Atfl. Scatter plot comparing 8-mer
enrichment scores for closely related TFs.



CLUSTAL W (1-83) multiple sequence alignment

REX3-1VT TLQWLLDNYETAEGVSLPRSTLYNHYLRHCQEHKLDPVNAASFGEL I
RFX3-purified HLQWLLDNYETAEGVSLPRSTLYNHYLRHCQEHKLDPVNAASFGHLI

SIFMGLRTRRLG 60
SIFMGLRTRRLG 60

hRFX1 TVQWLLDNYETAEGVSLPRSTLYCHYLLHCQEQKLEPVNAASFGHL IRSVFMGLRTRRLG 60

REX4-1VT TLQWLEENYEITAEGVCIPRSALYMHYLDFCEKNDTQPVNAASFGH I 1RQQFPQLTTRRLG 60

RFXDC2-purified AFSWIRNTLEEHPETSLP QEVYDEYKSYCDNLGYHPLSAADFGKIM NVFPNMK LG 60
*- - -k - -* _* *-- *- ** ***:-- - :****

REX3-1VT TRCNSEMHNMYG IRVKPDSPLNR 82
RFX3-purified TRGNSEMHMYG IRVKPDSPLN- 81
hRFX1 TRGNSEMHMYGLR IKASSPLLR 82
RFEX4-1VT TRGQSKMHNMYGIAVKESSQYY- 81
RFXDC2-purified TIGKS.CISGLRKKAFVHMP— 81

*** **k* X *-

Figure S12. RFX family protein-DNA recognition positions. Itis likely that RFX3, RFX4, and RFXDC2 all use the same
mechanism of alternative modes of DNA recognition as RFX1 (Gajiwala et al., Nature, 2000), because seven out of nine residues

involved in direct or water-mediated DNA contacts (highlighted in red) are identical among these proteins, while the other two
residues have conservative substitutions.
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Figure S13: Graphs showing log,,(1-AUC) (area under ROC curve) (y-axis) versus
log,,(number of positives) (x-axis) for Hnf4a. Log,,(1-AUC) is shown to highlight
differences between the methods, all of which have an AUC near 1. Graphs were
generated using Array 1 as training and Array 2 as test data (panels A,C; this and next
page), and separately using Array 2 as training and Array 1 as test data (panels B,D; this
and next page). The solid black line (“Full Lasso model”) indicates performance of the
multiple motif model; all other lines indicate performance of various other individual
motifs identified by other motif finding algorithms (see Materials and Methods). For
clarity, only data for the Lasso-selected PWMs are shown in panels A,B; plots showing
data from all motifs considered are shown in panels C,D.
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Figure S14: Enrichment of primary versus secondary motif 8-mers bound in vitro within
genomic regions bound in vivo. Relative enrichment of k-mers corresponding to the primary
versus secondary Seed-and-Wobble motifs within bound genomic regions in ChIP-chip data as
compared to randomly selected sequences was calculated (see Materials and Methods) for (A,
C, D) Hnf4a (Neilsen et al., submitted; GEO accession #GSE7745) and (B, E, F) (next page)
Bcl6b (34) (GEO accession #GSE7673). ChIP-chip ‘bound’ regions were identified according to
the criteria of the respective studies (34)(Neilsen et al., submitted). A window size of 500 bp
with a step size of 100 bp was used. Either all ‘bound’ regions (far left, upper and lower rows),
‘bound’ regions lacking primary motif k-mers (second from left, upper row; far right, lower row)
or ‘bound’ regions lacking secondary motif k-mers (far right, upper row; second from left, lower
row) were considered for matches to primary motif k-mers (far left, second from left, and far
right in upper row), secondary motif k-mers (far left, second from left, and far right in lower
row), or either primary or secondary motif k-mers (second from right, upper and lower rows).
The coarseness of the Bcl6 distributions is due to a smaller sample size of ChIP-chip ‘bound’
regions. The GOMER thresholds used in (A) are 2.958 x 107 and 8.419 x 107, corresponding to
9 primary and 20 secondary 8-mers scanned, respectively for Hnf4a. The GOMER thresholds
used for the data shown in (B) correspond to 1.513 x 10 and 3.294 x 107 corresponding to 4
primary and 17 secondary 8-mers scanned, respectively, for Bcl6b. P-values for enrichment of 8-
mers within the bound genomic regions shown in each panel were calculated for the interval
—250 to +250 by the Wilcoxon-Mann-Whitney rank sum test, comparing the number of
occurrences per sequence in the bound set versus the background set. Enrichment plots at
varying GOMER score thresholds (indicated above each plot in panels C-F, next pages) are
shown in (C, D) for Hnf4a and (E, F) for Bcl6b for primary (C, E) versus secondary (D, F)
motifs using a window size of 500 bp and a step size of 50 bp. Enrichment is generally observed
across varying GOMER thresholds, with the exception that at permissive GOMER thresholds
enrichment can be lost. Number of k-mers included at each GOMER threshold is indicated in red
on each plot in panels C-F.
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(C) Hnf4a primary motif enrichment within ‘bound’
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(D) Hnf4a secondary motif enrichment within *bound’
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(F) Bcl6b secondary motif enrichment within *bound’
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