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ABSTRACT

Quantifying the nucleotide preferences of DNA bind-
ing proteins is essential to understanding how tran-
scription factors (TFs) interact with their targets in
the genome. High-throughput in vitro binding assays
have been used to identify the inherent DNA bind-
ing preferences of TFs in a controlled environment
isolated from confounding factors such as genome
accessibility, DNA methylation, and TF binding coop-
erativity. Unfortunately, many of the most common
approaches for measuring binding preferences are
not sensitive enough for the study of moderate-to-
low affinity binding sites, and are unable to detect
small-scale differences between closely related ho-
mologs. The Forkhead box (FOX) family of TFs is
known to play a crucial role in regulating a variety
of key processes from proliferation and development
to tumor suppression and aging. By using the high-
sequencing depth SELEX-seq approach to study all
four FOX homologs in Saccharomyces cerevisiae, we
have been able to precisely quantify the contribution
and importance of nucleotide positions all along an
extended binding site. Essential to this process was
the alignment of our SELEX-seq reads to a set of can-
didate core sequences determined using a recently
developed tool for the alignment of enriched k-mers
and a newly developed approach for the reprioritiza-
tion of candidate cores.
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INTRODUCTION

The Forkhead box (FOX) transcription factor (TF) fam-
ily consists of over 43 homologs in human characterized
by a highly conserved winged-helix DNA binding domain
(DBD). Members within the family play crucial roles in reg-
ulating a variety of key processes from proliferation and de-
velopment, to tumor suppression and aging (1). Because of
this, it is not surprising that members within the FOX fam-
ily recognize distinct DNA binding sites in vivo (2). Despite
this, previous attempts to characterize DNA binding pref-
erences across the FOX family using in vitro methods such
as protein binding microarray (PBM) or high-throughput
(HT)-SELEX approaches have revealed little variability in
the position weight matrices (PWMs) between family mem-
bers (Supplementary Figure S1A). Although several in vivo
conditions can modulate the DNA binding specificity and
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activity of a TF, it is important to understand inherent bind-
ing preferences and the limitations of previous attempts to
characterize them.

PBM and HT-SELEX binding assays have unveiled the
motifs of hundreds of TFs. Despite these important ad-
vances, these methods are often inadequate to capture pre-
cise information about moderate-to-low affinity sequences.
For PBM, also known as universal PBM (uPBM), the flu-
orescence of low-affinity probes is often indistinguishable
from the background or not included in the array design,
and HT-SELEX typically utilizes a dramatically shallower
sequencing depth per TF compared to more targeted meth-
ods such as SELEX-seq (3,4). However, low-affinity binding
sites frequently make up actively bound regions that modu-
late transcription of their target genes in vivo (5). In closely
related homologs, such as those within the Hox family of
TFs, differential binding to suboptimal sites can help dis-
tinguish family members (6).

To explore this phenomenon in the context of the FOX
family, we chose to further investigate the binding of all
four paralogs in yeast: Fkh1, Fkh2, Hecm1 and Fhll. Based
on DNA binding profiles published in UniPROBE (7), cal-
culated using BEEML-PBM (8), Fkhl and Fkh2 exhibit
virtually indistinguishable binding preferences (Supplemen-
tary Figure S1B). While these TFs are capable of bind-
ing many of the same loci in vivo, hundreds of non-shared
sites have also been identified using ChIP-chip (9). Unfor-
tunately, ChIP-chip and ChIP-seq data is notoriously noisy,
with broad peaks that are often unable to pinpoint the nu-
cleotides bound by the TF.

To further explore the binding preferences of these pro-
teins, we have performed SELEX-seq with deep sequencing
to collect over ten million reads per sample after up to two
rounds of selection. With this framework, we were able to
collect more information for moderate-to-low affinity bind-
ing sites that would have been exponentially diluted had we
utilized many rounds of selection. Because of the extreme
sequencing depth utilized, enrichment measurements were
remarkably consistent across independent windows and be-
tween subsampled sets of reads. Furthermore, these precise
measurements were able to reveal small-scale differences
between Fkhl and Fkh2 homologs that were undetectable
using the previously published PBM data (Supplementary
Analysis, Supplementary Figure S2).

One of the biggest challenges in analyzing SELEX-seq
data is identifying the location of the binding site or binding
sites along the length of a given read. The original SELEX-
seq protocol provides a method to calculate the relative
binding affinity between k-mers (10,11), but the location of
the binding site within these k-mers is unknown. This is es-
pecially problematic since the sequence context of any given
k-mer is lost during this process, so interdependencies with
positions outside of the k-mer would be lost. Because of
this, enriched k-mers are likely to include incomplete bind-
ing sites, or even multiple overlapping binding sites. This
makes it difficult to understand the biophysical processes
of binding site recognition without further data processing.

Although many methods have been published for the
analysis of HT-SELEX and SELEX-seq data (12,13), bind-
ing preferences are often presented in the form of a posi-
tion weight matrix (PWM)—even for models which derive

predictions from more complicated sets of features, such
as convolutional neural networks (14-16). Unfortunately,
PWMs inherently assume that base pairs (bp) contribute
independently to binding (17). When this assumption is vi-
olated, the alignment of false binding sites can dilute the
signal of nucleotide positions with a relatively small impact
on binding. Dinucleotide PWMs can capture some of these
interdependencies (18-20), but may still be inadequate in
summarizing binding for the vast number of moderate-to-
low affinity sequences.

With respect to the FOX family, nucleotide positions
flanking the core of the binding site may be particularly
insightful in differentiating the binding of closely related
homologs (21). The winged-helix domain of FOX proteins
consists of a highly conserved recognition helix that binds
in the major groove, making several base-specific contacts
to its target (Figure 1, Supplementary Figure S3). These po-
sitions contact a 6-7-bp region of the binding site that we
refer to as the ‘core’, which exhibits high sequence speci-
ficity across FOX homologs (Supplementary Figure S1).
For some co-crystal and NMR structures, these regions
form contacts with the minor groove regions flanking the
core of the binding site (21-24) (Figure 1, Supplementary
Figure S3).

To further explore the role of these flanking positions, as
well as interdependencies between positions within the core,
we employed a recently developed tool, Top-Down Crawl
(TDC) (25), as part of a multi-step alignment framework
that allows us to align full-length reads and precisely de-
tect the contributions of flanking positions to binding speci-
ficity in a core-specific manner. For Fkh1 and Fkh2, this ap-
proach has allowed us to expand the canonical 7-bp binding
site to 13 bp by revealing the contribution of six positions
flanking the core of the binding site. Although previously
ignored, the cumulative impact of these positions is able to
reduce the binding affinity of the best core to be lower than
the worst. Comparatively, Hcm1 and Fhll exhibited mini-
mal dependence on positions flanking the core.

MATERIALS AND METHODS
Protein expression and purification

The DBD of Fkhl and its surrounding residues (amino
acids 243-484) were cloned into the pET-28b(+) DNA vec-
tor such that a His-Tag is added to the N-terminal end
of the polypeptide (Millipore Sigma: 69865). The prod-
uct was then transformed into Rosetta 2(DE3) Competent
Cells (Millipore Sigma: 71405) and expression was induced
overnight at 16°C using 0.2 mM IPTG. Cells were cen-
trifuged at 4°C and resuspended in an MCAC-0 buffer (20
mM Tris—CI pH 8.0, 0.5 M NaCl, 10% glycerol, 1 pwg/ml
pepstatin A, 50 pg/ml TPCK, 1 mM benzamidine, 1 mM
PMSF) on ice. The cells were then broken by sonication and
the lysate was clarified by centrifugation at 4°C. The lysate
was then incubated with a Ni-NTA resin (Qiagen: 30210)
equilibrated in MCAC-0. Next, the resin was sequentially
washed with MCAC buffer containing 10, 20, 30, 40 mM
imidazole, followed by elution with 250 mM imidazole.
Salts were then removed by buffer exchange using Amicon
Ultra Centrifugal Filters (Millipore Sigma: UFC901024,
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Figure 1. Representative structures of FOX DBDs bound to DNA. Winged regions are indicated in blue, and the main recognition helix is indicated in
red with the core of the DNA binding site indicated in pink and flanking bp indicated in green. (A) Rattus norvegicus FOXD3 (PDB ID: 2HDC) (22), (B)
human FOXA3 (PDB ID: 1VTN) (23), (C) human FOXK2 (PDB ID: 2C6Y) (24).

UFC800324). The final protein products were verified us-
ing SDS-PAGE (Supplementary Figure S4). The same pro-
cedure was followed for the expression and purification of
the DBDs of Fkh2 (amino acids 280-520), Hcm1 (amino
acids 41-213), and Fhll (amino acids 401-638), using pET-
28a(+) as the DNA vector (Millipore Sigma: 69864).

Oligonucleotide synthesis

The library and all other DNA oligonucleotides were syn-
thesized by Integrated DNA Technologies and purified by
standard desalting (Supplementary Table S1).

SELEX-seq binding assay

The SELEX-seq procedure was carried out following the
original protocol by Slattery ez al. (10,11). The library was
designed with a 16-bp randomized region surrounded by
fixed adapters. Purification was carried out using Qiagen’s
MinElute PCR Purification Kit (Cat: 28004). Binding re-
actions were performed in a binding buffer consisting of
10% glycerol, 50 mM KCl, 20 mM Tris HCI (pH 7.9), 5 mM
MgCl,, 0.1 mg/ml BSA and 3 mM DTT. Since we were in-
terested in the affinity of moderate-to-low affinity binding
sites, we avoided the use of a non-specific polymer such as
poly(dI-dC), and instead opted for a higher concentration
of MgCl,. Additionally, for each construct, we determined
an optimum molar ratio of protein:DNA such that we ob-
served preferential binding to a positive control over the
negative control, both with the same fixed adapters as our
library (Supplementary Table S1). These ratios were deter-
mined to be around 1:4 for Fkh1 and Fkh2, 1:1 for Heml,
and 1:2 for Fhll. Total amounts of protein and DNA used
for each SELEX-seq experiment are shown on Supplemen-
tary Table S2. We used a 6-FAM labeled library for tracking,
and all gels were visualized on Invitrogen’s iBright™ CL1000
Imaging System. Bound fragments were excised and puri-
fied by phenol chloroform extraction followed by ethanol
precipitation. We sequenced samples from round zero (RO),
round one (R1) and round two (R2) of selection.

Competitive binding assay

Competitive binding assays were performed to compare the
binding strengths of FOX homologs to varying sequences as

described in the text (Supplementary Table S1). In this bind-
ing assay, a fixed amount of 6-FAM labeled probe was in-
cubated with a limited amount of binding protein such that
binding was visible but non-specific binding was prevented
(Supplementary Table S3). An increasing amount of unla-
beled competitor was included in the reaction mixture until
binding by the labeled probe was visibly reduced by at least
50%, representing the half maximal inhibitory concentra-
tion (ICsp). This value was estimated using the local back-
ground corrected intensities as provided by Thermo Fisher
Scientific’s iBright™ Analysis Software. Large values of ICsg
represent a greater difference in binding affinity between the
probe and competitor. However, since free protein is abun-
dant in many of the experimental conditions used, we ex-
pect the ICs to be an overestimate of the relative affinity
of the probe. Instead, we provide the ICsy as a comparative
measurement between similar experiments as discussed in
Results and Discussion.

Multi-step alignment

Rather than using a PWM-based method for alignment,
we aligned the 16-bp variable region of full-length reads
to a predetermined set of 6-bp cores for Fhll, and 7-bp
cores for Fkhl, Fkh2 and Hcml. The short k-mers al-
low for sequence diversity in the flanking regions while re-
maining long enough to accurately pinpoint true binding
sites. This also allows us to specifically focus on identifying
the contributions of positions flanking the core. The align-
ment is performed over a multi-step process summarized in
Figure 2.

Identification of candidate cores. First, the relative enrich-
ment of every k-mer was calculated as described in the origi-
nal SELEX-seq protocol (10,11). We then performed a pre-
liminary alignment of the longest set of k-mers which ex-
hibited a high degree of coverage given a 100-count cutoff.
For every dataset we tested, >95% of all unique 9-mers met
this threshold, compared to an approximate 30% coverage
of unique 10-mers. The preliminary alignment is performed
using our recently published approach named Top-Down
Crawl (TDC) (25). This framework was created specifically
for the alignment of quantitative binding data, using highly
enriched sequences as a template to explain the binding
of those that are less enriched. To determine a set of can-
didate cores, this preliminary alignment is then trimmed
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Figure 2. Experiment and analysis overview. (A) A library containing a
16-bp fully randomized region is incubated with the TF of interest and
run on a non-denaturing polyacrylamide gel. The bound DNA is then ex-
tracted, purified, and amplified. Aliquots are sent for sequencing or used
for additional rounds of selection. (B) Enriched 7-mers are identified and
aligned as described in Materials and Methods to identify core sequences
to use for alignment of the full 16-mers. Each 16-mer containing a hit to
exactly one core sequence is assigned to a group based on where the core
sequence begins. (C) For each position outside of each core, the relative
enrichments between gapped 8-mers are used to calculate AAG/RT. The
averages across all windows are plotted in a condensed view to allow for
easier comparison across cores.

to the 6-7-bp region covering the canonical binding sites
GTAAACA for Fkhl, Fkh2 and Hcml, and GACGCA
for Fhil. Unique sequences falling within this region are
treated as candidate cores to be used in the next step, which
we refer to as iterative reprioritization. This allows us to
study flanking positions using a minimal set of core se-
quences.

Reprioritization of candidate cores. To avoid complica-
tions resulting from combinatorial effects between multiple
binding sites, we restrict our analysis to reads that only align
to one core. This is also key to ensuring that observed flank-
ing preferences are acting to modulate the given core rather
than creating additional cores. However, this creates a trade-
off between the number of cores we choose to analyze and
the number of reads we can align. Therefore, rather than
including the entire list of candidate cores aligned to the
most enriched k-mer, we must prioritize a subset of these
sequences. The most obvious way to do this is to simply
rank them by their enrichment; however, it is important to
consider that the observed enrichment of any given k-mer
is a result of its activity when bound as a core in addition
to its activity when bound as an optimal flank to an adja-
cent or overlapping core, since the context is lost during the
counting process. Since we aim to prioritize sequences based
solely on their contribution as a core, we developed an iter-
ative approach to reprioritize candidate cores as described
below.

First, the highest priority core was assigned as the most
enriched k-mer as calculated previously. Next, all reads con-
taining a match to that k-mer on the forward or reverse
strand were removed from the dataset and k-mer enrich-
ments were recalculated from the remaining reads. The next
core to be prioritized was then the most enriched k-mer
from this reduced set of reads, such that the k-mer belongs
to our list of candidate cores determined previously. As be-
fore, all reads containing a match to that k-mer are subse-
quently removed, followed by recalculation of k-mer enrich-
ments. This process is iteratively repeated until a sufficient
number of cores have been identified. This framework al-
lows us to identify sequences which are independently en-
riched, rather than being ‘carried’ by a more enriched over-
lapping k-mer.

To avoid overfiltering of our input data, our goal was
to only include cores which identify binding sites with a
high degree of confidence. We expect such cores to be en-
riched well above the background. Based on our observa-
tions, and previous work with SELEX-seq data, k-mer en-
richment versus rank plots typically follow a negative ex-
ponential distribution (Supplementary Figure SSA). Based
on this, we designed a stopping rule intended to identify the
point at which enrichment levels off and is no longer signifi-
cantly above the background. More specifically, we repeated
the iterative process until the enrichment of the most re-
cently prioritized k-mer is measured to be at least 95% of the
average enrichment of the five previously removed k-mers.
We used the average in order to smooth out noise over the
measurements. We evaluated our framework’s sensitivity to
this stopping rule in Supplementary Analysis (Supplemen-
tary Figure S6).
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After this process, every read from the full dataset was re-
aligned to the set of prioritized cores, discarding reads with
multiple hits. For comparison, we separately aligned the full
dataset to the original list of candidate cores prioritized by
raw enrichment. Shown in Supplementary Figure S7, the
reprioritized list consistently allowed for the alignment of
more reads compared to the original list. To simplify later
comparisons between Fkh1, Fkh2, Hcm1 and Fhll, we used
the same set of core sequences for the alignment of every
dataset. To generate this list, we took the union of the core
sequences prioritized by each. The final list contained 49
sequences including ten 6-bp Fhll-based cores and 39 7-bp
cores.

Relative enrichment and free energy determination

Given a core sequence of length &, there will be 16—k +1 win-
dows across the 16-bp variable region where that k-mer can
occur. Including occurrences on the reverse-complement
strand, this number doubles. Because our alignment frame-
work only allows for one core per read, each read can only
be assigned to one window. Additionally, this makes the
enrichment of any given sequence within one window in-
dependent of its enrichment in any other window (Fig-
ure 2B). To determine the enrichment of a core at a given
window for a given round, its proportion is divided by
its proportion at that same window in round zero (RO).
The relative enrichment is then the measured enrichment
for each sequence divided by the maximum across all se-
quences. As described in the original SELEX-seq protocol
(10,11), the r'h root of the relative enrichment, with r rep-
resenting the number of rounds of selection that have taken
place, represents a close approximation of the true relative
affinity (10).

Differences in binding affinity can also be represented as
AAG/RT by taking the negative natural log of the relative
affinity (26) (Figure 3). This represents the difference in the
free energy released by binding scaled by 1/RT. In this case,
a more positive value represents a less favorable binding
interaction relative to the most enriched core. Analysis of
AAG/RT rather than relative affinity also helps accentu-
ate changes between moderate-to-low affinity binding sites.
The measurements were then averaged over all windows, re-
moving outliers that are greater than the third quartile plus
1.5 times the interquartile range (IQR), or less than the first
quartile minus 1.5 times the IQR.

To measure how flanking positions modulate binding site
affinity, we then calculated AAG/RT at every variable nu-
cleotide position outside of the core. Given a core sequence
of length k, each window will contain 16—k flanking po-
sitions across the 16-bp variable region. These can occur
5’ and/or 3’ of the core sequence depending on the win-
dow being analyzed. Assuming positions flanking the core
contribute to binding independently of each other, their ef-
fects can be measured by looking at the relative enrichment
between gapped (k +1)-mers, including one flanking posi-
tion and a fixed 6-bp or 7-bp core. By looking at gapped
(k +1)-mers, we are able to calculate the core-specific effects
of flanking positions up to at least nine bp away from the
core. This core-specific approach also allows us to avoid the
dilution of flanking contributions if false binding sites are
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included during the alignment process, and to determine
to what extent these contributions are dependent on the
core.

Like the core, we measure flanking contributions in terms
of AAG/RT. For a given window, a position frequency ma-
trix (PFM) is generated by counting the occurrence of each
bp at every variable nucleotide position outside of each core.
These are the gapped (k +1)-mer counts mentioned previ-
ously. The enrichment of each bp is then determined in a
position specific manner by dividing the frequency of each
bp by its frequency observed in RO at that same position
(Supplementary Figure S8§A). The enrichment of each bp
is divided by the mean enrichment at every position to get
relative enrichments. As described in the original SELEX-
seq paper (10), the relative enrichment of samples collected
after r rounds of selection is only equivalent to the relative
affinity if the rth root is taken. However, this scaling fac-
tor may vary slightly depending on the efficiency of separat-
ing bound and unbound fractions. Instead, we estimate the
scaling factor by dividing the mean log relative enrichment
of cores from R2 by that from R1. This scaling factor was
equalto 1.89,1.97,1.76 and 1.85 for Fkh1, Fkh2, Hcm1 and
Fhll, respectively. The scaled relative enrichments are then
converted to AAG/RT by applying the negative natural log.
Positive values indicate bp that are more disruptive to bind-
ing than on average, and negative values indicate bp which
facilitate binding. We represent the values using a heat map
instead of a traditional motif logo in order to facilitate com-
parisons between independent windows and cores (Figure
2C). This entire process is repeated for every window along
the 16-bp variable region for every core (Figure 4A). The
AAG/RT measurements are then averaged across all win-
dows (Figure 4B).

Analysis of ChIP-exo data

In previously published work, researchers performed ChIP-
exo experiments targeting Fkhl in S. cerevisiae (27). A
merged set of identified peaks are provided in Supplemen-
tary Data. We restricted our analysis to regions spanning 50
bp upstream and downstream of each peak’s center. Across
all these regions, we counted the total number of unique
occurrences of each of our 7-bp cores and divided them
by the total to obtain the relative frequency of each core.
The same was performed across the entire SacCer3 refer-
ence genome to get a background frequency of each core.
The genomic values were then multiplied by the relative en-
richments, as predicted using the exponential function of
the ~AAG/RT values, and divided by the sum across all
cores to get the predicted relative frequencies of each core.
These values were then compared with the observed val-
ues calculated previously to obtain the Pearson correlation
and Mean Squared Error (MSE). A similar process was per-
formed to compare the observed and predicted relative fre-
quencies of bp at the four positions 5’ and two positions 3’
of the GTAAACA core.

Alternatively, we generated predictions using PFMs de-
rived from BEESEM, a method for the generation of bind-
ing motifs from SELEX-seq data (12). A PFM was used to
calculate the expected distribution of our cores by multi-
plying bp probabilities and dividing by the sum of proba-
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Figure 3. Violin plot of AAG/RT estimates from every window resulting from two rounds of SELEX-seq for 48 selected core sequences relative to the
most enriched core, (A) GTAAACA for Fkhl, Fkh2 and Heml, and (B) GACGCA for Fhll. Larger values indicate a greater disruption to binding relative

to the reference. Error bars show 95% confidence intervals.

bilities across all cores. Due to the high computational cost,
BEESEM was trained using only 10% of the R1 reads with
10% of the RO reads as background. For predicting the rel-
ative core frequencies, BEESEM was trained with the seed,
GTAAACA, and was provided the sequences of the fixed
adapters used in our library design (Supplementary Figure
S9). Even with the reduced input size, this process required
nearly 11 hours of compute time and 52 GB of RAM on
a 16-processor compute node. For flanking positions, we
generated a 13-bp motif covering all six flanking positions
of interest, which required 122 GB of RAM, and a simi-
lar compute time. This was done using the seed, AAAAG-
TAAACAAA (Supplementary Figure S9). The motif was

then used to predict the observed flanking relative frequen-
cies as described previously.

RESULTS AND DISCUSSION
Core-based alignment of full-length reads

To explore distal positions flanking the core binding site,
we used a library with a 16-bp variable region. With a k-
mer length of 16 bp, approximately 4.3 billion unique se-
quence permutations are possible. With the size of a typical
sequencing run, only a small subset of these permutations
can be captured and the count for each is often too low to
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Figure 4. (A) Graphic representation of AAG/RT for every possible bp at positions outside of the core binding site, given a core sequence of GTAAACA.
Rows represent the 40 independent sets of aligned 16-mers, each with independent measurements. Larger values indicate greater destabilization of binding
relative to other possible bp at that position. Contributions appear to be highly consistent across samples. (B) AAG/RT measurements for each aligned
core averaged over the 40 independent sets of aligned 16-mers. Rows are clustered with the UPGMA algorithm using Manhattan distance as the metric.
The measurements suggest that flanking contributions are largely independent of the core.
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provide a meaningful measurement of binding affinity. By
looking at the enrichment of shorter k-mers within the ran-
domized regions, we can collapse the number of possible
permutations several fold and greatly increase the number
of occurrences for each. This creates a tradeoff between k-
mer length, noise, and sequence coverage given a 100-count
threshold (Supplementary Figure S10).

In previous studies analyzing SELEX-seq data (10,28),
an enrichment table is determined by counting every k-
mer across a sliding window and dividing it by the ex-
pected count according to a Markov Model generated from
RO k-mer counts. Although a sliding window increases the
number of observed counts for each k-mer, it comes at the
cost of losing positional information amongst the original
reads. Additionally, we found that RO biases are dependent
on the position, so representing the bias universally with
a position-agnostic Markov model may not be appropri-
ate (Supplementary Figure S8). This is particularly true for
larger k-mers, from which positional biases may be com-
pounded. Furthermore, by counting k-mers using a sliding
window, smaller subsequences are counted multiple times,
so k-mer counts cannot be considered independent of each
other. For example, if the most enriched core is GTAAACA,
then we know that k-mers of the form TAAACAN will also
be highly enriched, even if those sequences are not intrinsi-
cally able to promote binding in any other context. Conse-
quently, any given k-mer may be enriched due to its activ-
ity as a strong core binding site, optimal flanking sequence,
or a combination of both. By limiting the number of cores
per sequence to one, as described in Materials and Meth-
ods, we can be confident that the observed core is acting
as the most likely binding site amongst each read, and that
flanking positions will be aligned accordingly. Additionally,
if multiple binding sites were to be permitted, then flanking
positions may be biased to prefer the creation of additional
cores, rather than by modulating the affinity of the aligned
core.

From data shown in Supplementary Figure S1, we know
that the most conserved region of the binding site, re-
ferred to as the ‘core,’ is 7-bp long for most FOX pro-
teins. Considering a 7-bp core, and a 16-bp randomized
region, there are a total of 20 different positions in which
the core may reside, including ten on the forward strand
and ten on the reverse strand (Figure 2B). Assuming the
data reflects sequence-specific binding, we expect every 16-
mer to have at least one predominant binding site. Since
the core sequence is the most influential region in deter-
mining binding, we sought to create a table of putative
core sequences that could be used to identify and align the
binding sites for the largest number of 16-mers. Details of
how this table is generated are described in Materials and
Methods.

We ultimately decided to use a list of 49 core sequences in-
cluding ten 6-bp Fhll cores (Supplementary Table S4). For
the R1 data, we were able to align 25.9%, 28.6%, 28.0%,
and 13.2% of the reads bound by Fkhl, Fkh2, Hecml, and
Fhll, respectively. We found that 63.4%, 60.0%, 59.3% and
79.5% of the reads bound by Fkh1, Fkh2, Hcm1 and Fhil,
respectively, were removed because no core was detected,
meaning that these reads would be uninformative of core-
specific binding parameters. For R2, we aligned a more sub-

stantial 63.3%, 63.7%, 46.1%, and 19.9% of the reads bound
by Fkh1, Fkh2, Hecm1 and Fhll, respectively.

Unlike PWM-based methods, core-based alignment does
not assume any interdependencies within the core and re-
veals many high-affinity sequences with surprisingly high
dissimilarity from the most enriched core. Perhaps most im-
portantly, this framework aligns full-length reads which en-
ables the analysis of nucleotide positions at least nine po-
sitions away from the core on either side. For comparison
to traditional methods, we generated a PWM weighting
of each core by its relative enrichment. Using only our re-
duced set of 7-bp cores for Fkh1, Fhh2 and Heml, and the
6-bp cores for Fhll, the generated PWMs (Supplementary
Figure S11) are highly similar to the uPBM-derived motifs
published previously (Supplementary Figure S1B) (29).

Core binding sites exhibit interdependencies and shape pref-
erences

For every alignment window, AAG/RT was calculated for
each core sequence relative to the most preferred core se-
quence, as described in Materials and Methods. Since each
window consists of an independent set of sequences that
were selected by the protein independently, they can be
treated as independent samples. For a core length of seven
bp, each sequence can be measured across 40 samples, in-
cluding ten samples per strand per round. In the initial li-
braries, aligned reads are distributed similarly across win-
dows, but this changes after selection, particularly for Fkh1
and Fkh2 which may be more sensitive to fixed adapter
positions (Supplementary Figure S12). AAG/RT measure-
ments for our set of cores exhibit little variability across
independent samples, following normal distributions, re-
sulting in narrow confidence intervals for the averaged val-
ues (Figure 3, Supplementary Table S4). Measurements
spanned a AAG/RT of 3.7, 3.5 and 3.0 for Fkhl, Fkh2,
and Heml, respectively. For Fhll, binding was generally less
specific, spanninga AAG/RT of 1.5 across all cores, and 0.4
across 6-bp cores. One core, GTATACA, was excluded from
analysis since we were concerned it may be filtered at a much
higher rate. Adding just one thymine to the first position
5’ of this core results in a palindromic sequence containing
two cores. Although our list of cores only included one such
core, our alignment analysis script provided on GitHub will
automatically detect palindromic cores and cores which are
one flanking mutation away from the creation of an addi-
tional core and remove them from downstream analysis.
Nevertheless, it is important to include these cores in the
previous alignment step since they can still serve as valid
cores to indicate overlapping binding sites.

For Fkhl, Fkh2 and Heml1, the most enriched sequence
was GTAAACA. It becomes clear upon further inspection
that nucleotide contributions in the core do not appear to
contribute independently. Using Fkhl as an example, we
considered the four core sequences shown in Figure 5. If
only the third position is mutated from an A to a C, we see
a AAG/RT value of 0.67. If we mutate the second position
from a T to an A, we see a large AAG/RT value of 1.90 If
the effects of these mutations acted independently, then mu-
tating both positions would result in a AAG/RT value of
2.57. Instead, we observe a relatively modest effect of 1.36,
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Figure 5. Comparison of the Fkhl AAG/RT measurements for different mutations of the core DNA target sequence with respect to the reference sequence
GTAAACA, exemplifying a non-additive relationship. Out of this set of sequences, the three most enriched cores exhibit similar minor groove width (MGW)
and electrostatic potential (EP) profiles as predicted using DNAshapeR (IUPAC: W =A/T; M = A/C).

nearly half of its expected value, and even lower than the
single mutation from T to A. This phenomenon is repeated
throughout the table of cores analyzed, exemplifying com-
plex interdependencies between positions within the core
(Supplementary Figure S13). This further suggests that a
PWM-based representation would not accurately describe
binding preferences in this system.

To explain these interdependencies, we examined DNA
shape features for the four core sequences discussed previ-
ously. The DNAshapeR method (30) predicts several DNA
shape features using a 5-bp sliding window with values
based on previously run Monte Carlo simulations of free
DNA (31). Although DNAshapeR is able to predict 13 dif-
ferent DNA shape features, we are most interested in minor
groove width and electrostatic potential due to their bio-
physical origin arising from the identity of multiple bp be-
yond dinucleotides and their potential to influence interac-
tions with charged residues within the winged regions of the
DBD (32). Although, the GAAAACA core is only one mu-
tation away from the reference core, it is disadvantaged in
Fkh1 binding compared to GACAACA, which contains an
additional mutation at the third position. Although this sec-
ond mutation may disrupt some preferred bp-specific con-
tacts, it appears to increase the minor groove width and elec-
trostatic potential of the DNA so that it is more similar to
the preferred reference (Figure 5). It is worth noting that this
secondary mutation disrupts what would be a 4-bp A-tract,
a feature known to cause intrinsic DNA bending (33).

Alternatively, we evaluated the use of a position specific
affinity matrix (PSAM) for the prediction of —AAG/RT
for every 7-bp core containing more than one mutation
from the reference, including 30 enriched sequences. The
PSAM is generated using the — AAG/ RT for every sequence
that is one point away from the reference, GTAAACA.
The PSAM-based predictions were only weakly correlated
(r* = 0.34; Supplementary Figure S14) with the measured
values, with observed values often much larger than pre-
dicted. This further emphasizes the importance of using
full-length 7-mers to define a list of cores to use for align-
ment, rather than a PWM-based simplification.

Core binding sites exhibit differing selectivity

The AAG/RT measurements from every window for each
core are displayed in a violin plot in Figure 3, and all av-
erages are provided in Supplementary Table S4. To identify
any sequence-specific difference in DNA binding specificity
between Fkhl and Fkh2, we plotted —AAG/RT of every

7-bp core and color-coded each point by the bp identity at
each nucleotide position along the 7-mer (Supplementary
Figure S15A). Although only a few positions exhibited vari-
ability in sequence, we noticed a sequence-dependent shift
of approximately 0.5 units at the second position of the
core. At this position, Fkh2 exhibited a greater tolerance
for adenine relative to Fkh1. Comparing Hem1 with Fkh2,
we find that Heml is less tolerant of a thymine at position
6 of the core, with the line of best fit shifted by about 0.8
units compared to cytosine (Supplementary Figure S15B).
Across these three homologs, the base-contacting residues,
based on co-crystal structures for other FOX proteins, ap-
pear to be highly conserved. This suggests that the observed
differences in preferences may be a result of a higher-order
feature such as DNA shape.

Experimental validation of core preferences

Based on our SELEX-seq experiment, we found that the
double mutant GACAACA to be bound preferentially over
the single mutant GAAAACA. This is a particularly inter-
esting example because it confirms the importance of in-
terdependencies within the core. We confirmed this finding
using two competitive binding assays, in which we alternate
the labeled probe and the unlabeled competitor. In every
case, cores are surrounded by an optimal flanking sequence
context (Supplementary Table S1). In order to see binding
to the probes, a 4-fold excess of protein was included relative
to a fixed amount of probe.

In the first experiment, we used GACAACA as the la-
beled probe and GAAAACA as the unlabeled competitor
(Supplementary Figure S16A). We found the ICsy to be
around 4, meaning that a four-fold excess of competitor
was needed to displace nearly 50% of the labeled probe.
However, because we are using more protein than probe in
the starting reaction, we expect the ICsy to be an overes-
timate of the relative affinity of the probe due to the pres-
ence of free protein, which can be bound by the competitor
prior to direct competition. Based on our measurements,
the —AAG/RT values differ by 0.536, corresponding to
a nearly 1.7-fold change in binding affinity. Because the
affinities are similar, we can perform the reciprocal exper-
iment without drastically changing input concentrations.
In this case, we used GAAAACA as the labeled probe,
with GACAACA as the competitor, and found the ICs, to
be around 2. These experiments confirm our original ex-
pectations, since GACAACA was harder to displace than
GAAAACA.
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In looking at monomeric differences in binding specificity
within the core, we found Fkh2 to tolerate adenine at the
second position to a greater extent than Fkhl (Supplemen-
tary Figure SI5A). To confirm this, we performed a compet-
itive binding assay using GTAAACA as the labeled probe,
and GAAAACA as the unlabeled competitor, using either
Fkhl or Fkh2 as the DNA-binding protein. We found the
1Csq to be about 16 for Fkhl, and between 4 and 8 for Fkh2
(Supplementary Figure S16B). As expected, this experiment
confirmed that Fkh2 exhibits an increased tolerance for the
thymine to adenine mutation at the second position of the
core compared to Fkhl.

Flanking sequence contributions across differing cores

To investigate the effects of flanking sequences on bind-
ing, we plotted AAG/RT for every possible bp outside of
the core for every window. This type of analysis assumes
that edge positions contribute to binding independently of
each other. The validity of this assumption is evaluated us-
ing Multiple Linear Regression (Supplementary Analysis,
Supplementary Figure S17). For Fkhl, Fkh2 and Heml,
measurements were not only consistent across different win-
dows (Figure 4A), but also highly consistent across dif-
ferent cores (Figure 4B, Supplementary Figures S18-S21).
This suggests that our multi-step approach to identifying
core sequences and aligning reads is valid, since flanking
preferences are also aligned. Alternatively, we modified the
BET-seq (34,35) framework to predict flanking contribu-
tions using a deep learning framework based on Deep-
Bind (14,36) (Supplementary Analysis, Supplementary Fig-
ure S22- S23). In this case, flanking contributions were
less consistent across cores and were apparently attenu-
ated for moderate-to-low affinity cores, suggesting that our
framework is better able to detect these flanking contri-
butions, likely due to the single-core requirement during
alignment.

We found it interesting that flanking contributions were
consistent even for cores of differing length. The decision
to include the Fhll-based cores in the alignment of all
homologs was supported by previous crystallographic evi-
dence of FOXN3 that showed conserved amino acid con-
tacts between a 6-bp Fhl motif, GACGCA (37), and the
standard 7-bp Fkh motif (38). As described by the authors,
the three-dimensional DNA shape of the shorter core was
altered in order to align two ‘registration positions’ at the
edges of each motif (38). For Fkhl, in particular, the 6-bp
and 7-bp cores exhibited similar flanking preferences both
upstream and downstream of the core, further supporting
the discovery of registration positions that could align con-
tacts flanking the core (Figure 4B).

In most cases, we found flanking preferences for 6-bp
cores to be distinctly clustered from the 7-bp cores (Sup-
plementary Figures S18-S21). We therefore wanted to de-
termine whether an alternate method of aligning reads with
Fhll-based cores could better align flanking preferences.
This is explored by comparing the gapped 6-bp alignment,
with a 7-bp alignment including one bp (A/C/G/T) 5 or
3’ of the 6-bp cores. For demonstration, we only consider
the two strongest Fhll cores, GACGCA and CACGCA, de-
noted SACGCA (Supplementary Figure S24). This was ap-

plied to the Fkhl dataset which shows the greatest level of
sensitivity to positions 5’ and 3’ of the core. When we in-
cluded an extra bp 5 of the cores, we see a corresponding
shift in the 5° flanking preferences, with the 3’ preferences
relatively unchanged (Supplementary Figure S24A). When
the extra bp is 3’ of the cores, we see similar preferences at
the first flanking position 3’ of the core, but altered pref-
erences at the second position, relative to the other 7-bp
cores (Supplementary Figure S24B). These shifts confirm
that the flanking preferences of Fhll-based cores are best
aligned when treated as gapped 6-mers rather than 7-mers
(Supplementary Figure S18).

We describe the sensitivity to flanking positions as the dif-
ference in AAG/RT between the most and least favored bp
at each position, using the averages over all cores (Figure 6).
For Fkh1 and Fkh2, we found the largest flanking contribu-
tions at the four positions 5’ of the core and two positions 3’
of the core. For Hcm1, only one position 3’ of the core was
found to have a similarly large impact on binding. It is inter-
esting to see such a stark difference in sensitivity to flanking
positions even though all three homologs share similar pref-
erences for the core. For Fhll, flanking positions did not ap-
pear to contribute significantly to binding. Although the 6-
bp cores are far more enriched than those that are 7-bp, the
overall difference in AAG/RT between the best and worst
core is on a much smaller scale than we see across Fkhl,
Fkh2, and Hem1 cores. This suggests that Fhll exhibits less
specific binding to its preferred cores, which could impact
alignment by allowing ‘false’ binding sites to be aligned.

Looking at the two nucleotide positions 3’ of the core,
referred to as the +1 and +2 positions, we see a slightly di-
minished range in binding affinities by Fkh1 when the sixth
position of the core is a thymine, rather than a cytosine (Fig-
ure 4B). Likewise, we find that the +1 position appears to
have a smaller impact on the predicted electrostatic poten-
tial at positions 5 and 6 of the core when there is a thymine
at the sixth position, using GTAAA(C/T)A as an example
(Supplementary Figure S25). This may explain why several
core sequences that contain a thymine at position 6 appear
to be less sensitive to variations at the +1 position. More
broadly, this observed preference for a more negative elec-
trostatic potential in the 3’ flanking region is consistent with
the hypothesis that positively charged residues in the winged
regions of Fkh proteins act to stabilize binding to the DNA.
Compared to Fkh1, Fkh2 exhibits a substantial reduction
in specificity at the +1 and +2 positions across all cores (Fig-
ure 6). This observation suggests reduced sensitivity to elec-
trostatic potential by Fkh2 in this region.

Structural analysis of flanking sequence contributions

To further investigate these observations, we analyzed struc-
tures of the DBDs and their surrounding residues pre-
dicted using AlphaFold2 (39,40). To understand where con-
tacts may lie relative to the DNA, predicted structures
were aligned to a previously published Human FOXK?2
co-crystal structure (PDB ID: 2C6Y) and the FOXK2
protein was removed (Supplementary Figure S26). In all
structures, wing 1 is in the proximity of the 3’ flank rel-
ative to the core GTAAACA. Fkhl and Fkh2 both con-
tain long, structurally similar wings enriched with three
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Figure 6. Maximum AAG/RT values averaged across all cores for each flanking position. The red box highlights the positions that had the largest impact

on Fkhl binding.

positively charged residues each, including arginines and
lysines. These residues are particularly interesting because
they are known to interact with electrostatically negative
minor groove surfaces (41). In addition, wing 1 of Fkh2
contains one negatively charged residue, glutamate, which
may have an opposing effect. This small change could ex-
plain why Fkh2 was found to be less sensitive to 3° modu-
lations compared to Fkhl. Wing 1 of Heml is shorter and
contains two lysine residues and a single negatively charged
residue, aspartate. Lastly, Fhll has the shortest wing, and
exhibits undetectable flanking preferences.

Looking at potential contacts 5° of the core, we high-
light the C-terminal region beyond the final B-sheet of the
DBD. Interestingly Fkhl and Fkh2 both exhibit a helix-
loop-helix structure which may act to stabilize a secondary
wing which could contact the minor groove. Between the
two helices, both proteins contain four positively charged
residues and no negatively charged residue. This is an in-
teresting finding given the extensive preferences identified
5* of the core. Alternatively, Hcm1 and Fhll exhibit mini-
mal sensitivity to mutations 5 of the core. In the structure
for Heml, we observe a C-terminal helix which interacts
with an N-terminal helix to pull the disordered region far-
ther from the minor groove. Although this region contains
four positively charged residues, it also contains two nega-
tively charged residues. For Fhll, a rigid helix is presumably
formed, which may restrict movement of positively charged
residues into the minor groove. Although we are skeptical
of the complete validity of this structural feature, we found
it interesting that the prediction was made with a high de-
gree of confidence by the AlphaFold algorithm (39). While
these insights provide a potential explanation of our ob-
served flanking preferences, validation is necessary to con-
firm the accuracy of the predicted structures.

Experimental validation of flanking contributions

Based on the assumption of independence between nu-
cleotide positions, mutating the flanking positions to their
most unfavorable bp results in an average increase in
AAG/RT of 4.0 across all cores for Fkh1 and 3.24 for Fkh2.
This corresponds to a roughly 55-fold and 26-fold reduction
in binding affinity, respectively. Alternatively, mutating the
core to the lowest affinity sequence included in the align-
ment, an Fhll-based core, resulted in a AAG/RT of 3.68
for Fkh1 and 3.57 for Fkh2.

We experimentally validated the importance of the flank-
ing positions using a competitive binding assay to compare
the binding of Fkhl to the core, GTCAACA, surrounded
by either optimal or suboptimal flanking nucleotides. Start-
ing with a 2.4-fold excess of protein to probe, and using
the sequence with the optimal probe, we measured an ICs
around 32 (Supplementary Figure S16C). Out of all our
competitive binding assays, this is by far the largest value
measured. This aligns with our expectations well and fur-
ther emphasizes the importance of including flanking posi-
tions in discriminating the affinity of identified binding sites.
In this case, a reciprocal experiment was not feasible since
it would require an extreme excess of protein in order to vi-
sualize binding to the suboptimal probe.

Applications to in vivo binding site prediction

To evaluate whether our SELEX-seq experimental data and
findings could be applied to in vivo binding site predic-
tion, we analyzed the peaks reported from a previously
published ChIP-exo dataset targeting Fkh1 and Fkh2 (27).
Because Fkh2 interacts with the cofactor Mcml in vivo
(42), we expected altered preferences compared to our con-
trolled SELEX-seq experiment. This is further supported
by looking at the overlap between the provided Fkh2 ChIP-
exo motif and a previously published motif for Mcm1 pro-
vided by the Yeast Epigenome Project (43) (Supplementary
Figure S27).

Using the set of all peaks identified by the original study,
we extracted all non-overlapping sequences +50 bp from
the center of each peak and counted the total number of oc-
currences of every core from our previously defined set. We
also counted the relative frequency (p) of each core across
the genome to use as a background. Using our alignment-
based AAG/RT measurements from the SELEX-seq exper-
iment, we then calculated the expected relative frequency of
every core given the genomic background, given selection
by Fkhl. Alternatively, we used a BEESEM-derived mo-
tif to predict the expected relative frequencies of the same
set of cores, given the same genomic background. Since the
BEESEM-derived motif would not be able to provide de-
pendable predictions for the 6-bp Fhll motifs, they were
removed from subsequent comparisons. Furthermore, nat-
ural logarithms of the relative frequencies were taken for
comparison with the ChIP-exo observations in order to bet-
ter compare differences across a wide range of affinities. We
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found the observed values to be remarkably well-correlated
with and on a similar scale as our AAG/RT based pre-
dictions (Pearson » = 0.84, MSE = 0.25; Supplementary
Figure S28A). Comparatively, the BEESEM-based predic-
tions were only modestly correlated with the observed val-
ues (r = 0.61, MSE = 5.23; Supplementary Figure S28B).
We found that BEESEM underestimates the enrichment of
many core sequences, as was the case for the PSAM-based
analysis described previously. This further supports the im-
portance of considering interdependencies within the core
both in vitro and in vivo. It should also be noted that, in
total, we identified a total of 798 binding sites across the
ChIP-exo regions, representing a much smaller sample size
than what can be collected in vitro.

To investigate flanking preferences, we focused on posi-
tions surrounding the GTAAACA core, of which 117 sites
were identified. For four positions 5’ and two positions 3’
of the core, we calculated the natural log of the relative fre-
quency of each bp and compared it to predictions using
the alignment-based measurements of AAG/RT or using a
BEESEM-derived motif. As before, we found the observed
values at the six flanking positions to be well-correlated with
and on a similar scale as our AAG/RT based predictions
(r = 0.79, MSE = 0.16; Supplementary Figure S28C). The
BEESEM-based predictions were found to have weaker cor-
relations (r = 0.66, MSE = 0.40; Supplementary Figure
S28C). Together, these findings show that our quantitative
measurements collected in vitro can be used to predict the
enrichment of binding sites found in vivo.

CONCLUSIONS

With our multi-step alignment approach, we have been able
to thoroughly explore how flanking nucleotide positions
contribute to binding site affinity in a way that previous
approaches cannot (reviewed in (44)). By focusing on the
alignment of full-length reads, we have revealed patterns of
flanking nucleotide preferences that are highly consistent
across independent nucleotide windows and across drasti-
cally different cores. Although the impact of each nucleotide
position may be small, their combined effect can greatly im-
pair binding to a putative DNA target. Additionally, these
contributions are often lost in traditional PWM-based an-
alytical frameworks, for which the alignment of false bind-
ing sites can dilute their effect. By using a restricted set of
cores, we can pinpoint the effects of mutating flanking posi-
tions without assuming independence between positions of
the core.

In this study, we explored the binding preferences of all
four Saccharomyces cerevisiae forkhead TFs, Fkhl, Fkh2,
Hceml1 and Fhll, revealing small-scale, but consistent differ-
ences that have not been characterized previously. Including
flanking contributions, we were able to expand the binding
sites of Fkhl and Fkh2 to cover a 13-bp window includ-
ing four bp 5 of the core and two bp 3’ of the core. Al-
ternatively, Hcm1 and Fhll only exhibited minor flanking
preferences, despite similarities in the DBD. The framework
can be adapted to fully capture the impact of flanking posi-
tions for other TFs whose binding has been measured using
next generation sequencing. In this work, we selected a list
of candidate cores using Top-Down Crawl, which has re-

cently been published as a method applied to other datasets
(25), and iterative reprioritization. The computational anal-
ysis framework is flexible and can be applied to any list of
cores desired by the researcher, even when those cores are
not of the same length.

DATA AVAILABILITY

SELEX-seq data was collected for Fkh1, Fkh2, Hcml, and
FKkll1, as described in Materials and Methods, and submit-
ted to the Gene Expression Omnibus (GEO) with acces-
sion number GSE178811. A small-scale test run targeting
Fkh1 was included as well as the large-scale runs discussed
throughout this work.

Workflow and scripts to perform the multi-step align-
ment approach as well as supplementary analyses can be
found at https://github.com/bhcooper/multi-step-align and
https://doi.org/10.5281/zenodo.7865759. All steps of the ap-
proach can be performed by following the publicly avail-
able workflow provided. The Top-Down Crawl alignment
method is publicly available at https://topdowncrawl.usc.
edu (25).
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