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Abstract

Forkhead homologue 1 (Fkh1) is a yeast transcription factor that plays essential roles in cell-cycle dynamics. Here, we report the co-crystal
structure of the DNA-binding domain (DBD) of the yeast Fkh1 protein in complex with a 19-base pair oligonucleotide containing the core binding
site and flanking regions. The three-dimensional structure of the Fkh1-DBD reveals a previously unknown protein fold among all known Forkhead
proteins. The winged-helix fold forms base-specific contacts of a-helix H3 with the major groove of the core binding site. Wing 1 and Wing 2
form DNA shape-mediated contacts with the minor groove of the binding site flanking regions. The conformation of Wing 2 is distinct from all
known Forkhead proteins, with o-helices H5 and H6 wrapping back onto the protein core, creating a stable Wing 2 loop. Backbone interactions
with 3-strands S1 and S2 reveal a structural mechanism for previously observed flanking region preferences in SELEX-seq experiments. In vivo
yeast experiments on Fkh1 mutants demonstrate that wing residues interacting with flanking regions are important for Fkh1 function. Molecular
dynamics simulations relate Fkh1 function to conformational flexibility of wing residues. The novel Forkhead fold enables Fkh1 function with
implications, such as structure-based protein design, for other DNA-binding proteins.
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Introduction

A member of the Forkhead family of transcription factors
(TFs), Forkhead homologue 1 (Fkh1) in Saccharomyces cere-
visiae, was first identified for its role in silencing mating-
type cassette homothallism right a (HMRa) and regulating
yeast cell division [1-4]. Its functions involve control of cell
cycle-regulated genes [2], stimulation of DNA replication ori-
gin firing [3, 6], spatial organization of chromosomes, and reg-
ulation of mating-type switching. Other yeast Forkhead pro-
teins include Fkh2, Hecm1, and the more distantly related Fhl1
[7]. Forkhead box (FOX) proteins are a large family of TFs
including more than 170 known variants in different species
with 19 + subfamilies [8]. They are defined by the presence of a
highly conserved winged-helix DNA-binding domain (DBD),
commonly known as FKH or Forkhead domain. Differences
in DBDs contribute to the varying DNA-binding specificities
among FOX proteins [9-11]. Forkhead DBDs are generally
~80-100 amino acids (aa) long and commonly consist of
3-4 o-helices, 2 B-strands, and 1-2 winged loops at the C-
terminus [8].

FKH-DNA recognition is primarily mediated by the third
a-helix (H3) that forms contacts with the major groove of
the bound DNA. These protein-DNA contacts correspond to
core binding sites that have the canonical Forkhead DNA mo-
tif 5-RYAAACA-3' (R = A/G, Y = C/T) [9]. Fkh1 binds to
one of these canonical motifs, demonstrating its highest affin-
ity for the binding site 5'-GTAAACA-3’ [12]. Some FKH do-
mains contact flanking regions adjacent to the core binding
site. The minor groove (MG) in these regions displays addi-
tional recognition sites that interact with winged loops of the
protein, providing enhanced binding affinity and specificity.
Previous SELEX-seq experiments showed that flanking nu-
cleotides up to position —4 at the 5" end and +2 at the 3’ end of
the core binding site have considerable impact on Fkh1 bind-
ing [13]. These flanking regions, as well as contacts such as hy-
drogen bonds, may be sensitive to DNA shape, as opposed to
strictly sensitive to sequence, due to electrostatic interactions
[13-15].

Although several FOX DBD structures with DNA targets
have been reported for other species, to date none has been
reported for yeast. Here, we report a 2.2 A co-crystal struc-
ture of the yeast Fkh1 DBD (Fkh1-DBD) (residues 299-421)
bound to a 19-base pair (bp) DNA sequence containing the
canonical Forkhead binding sequence 5'-GTAAACA-3’, with
inclusion of high-affinity flanking regions, to investigate the
MG contacts of the winged loop. MG contacts are significant
due to the documented DNA shape preferences observed in
numerous Forkhead proteins [13, 16-19]. This complex pro-
vides structural evidence for the influence of the flanking re-
gions of Fkh1 binding sites and reveals a well-structured Wing
2 region that is not present in other FOX proteins. To in-
vestigate the DNA-binding mechanism of Fkh1, we generated
multiple Fkh1-DNA constructs and conducted molecular dy-
namics (MD) simulations and BioEmu [20] analyses of the
conformational stability and flexibility of these complexes.
We identified important residues involved in interactions with
flanking regions and introduced mutations in these residues
into yeast to determine their effect on Fkh1 function. Our
study focused on identifying critical residues within the Wing
2 region of Fkh1 that facilitate DNA binding and explored
the binding rules governing sequences of varying binding
affinity.

Materials and methods

Protein expression and purification

The codon-optimized gene from the DBD (aa 299-421)
of FKH1 Yeast Forkhead protein homolog 1 (UniProt ID
P40466) was ordered from GenScript, USA. Homology evi-
dence and AlphaFold 2 (AF2) [21] predictions were used to
determine the construct length. The gene was inserted in a
pET-28a vector with an 8 xHis-tag, followed by a TEV cleav-
age site on its N-terminus. The expression vector was trans-
formed into T7 Express Competent Escherichia coli cells (Cat
# C2566, New England Biolabs, USA) for protein expression.
A single colony of transformed cells was initially inoculated
into 50 ml Luria-Bertani medium (Cat # BP1426-2, Fisher
Bioreagent, USA) supplemented with 50 pg/ml kanamycin
and incubated overnight at 37°C with shaking at 220 RPM.
The next day, 20 ml of overnight culture was used to inoculate
2 1 of Terrific Broth medium. Inoculated cell culture was grown
at 37°C with shaking at 220 RPM until optical density (OD)
reached 0.5. Temperature was dropped to 18°C, and the cul-
ture was supplied with 0.25 mM IPTG to induce expression.
Cells were grown for 16 h after induction and then collected
and stored at —80°C until use.

Cells were thawed and dispersed in 100 ml of lysis buffer
[50 mM HEPES, pH 8.0, 500 mM NaCl, 10% glycerol, 1 mM
AEBSF protease inhibitor, and 1000 units of DENARASE en-
donuclease (c-LEcta, Germany)] and subjected to three rounds
of sonication (time: 3 min, pulse: 3 s, pause: 6 s, amplitude:
85%) using a Q500 sonicator (QSONICA, USA) with a 0.5”
standard probe in an ice bath. Lysed cells were centrifuged at
50 000 x g for 50 min at 4°C to separate cell debris from
lysate.

Supernatant was mixed with 1 ml of Talon beads (Takara)
pre-equilibrated with lysis buffer and placed on a rotator at
4°C for 30 min. Beads were transferred to a gravity column
and thoroughly washed with lysis buffer. Beads underwent an
additional wash with § ml of low-salt buffer (25 mM HEPES,
pH 7.5,250 mM NaCl, and 10% glycerol) before being eluted
with 7 ml of elution buffer (25 mM HEPES, pH 7.5, 250
mM NaCl, 300 mM imidazole, and 10% glycerol). Eluted
sample was loaded onto a 1 ml cation exchange column (Hi-
Trap SP, Cytiva, USA) and eluted with a gradient against high-
salt buffer (25 mM HEPES, pH 7.5, 1 M NaCl, and 10%
glycerol). Best fractions by sodium dodecyl sulfate gel were
pooled and subjected to overnight cleavage with TEV at 1:50
(molar ratio) TEV:protein at 4°C. 6 xHis TEV was expressed
in E. coli and purified at the USC Structural Biology Cen-
ter. Cleaved sample was passed over 0.5 ml of Talon beads
pre-equilibrated with low-salt buffer. Flow-through was col-
lected, concentrated, and loaded onto a Superdex 200 Increase
10/300 GL column (Cytiva, USA) pre-equilibrated with 10
mM HEPES, pH 7.5, 200 mM NaCl, and 10% glycerol. Peak
fractions corresponding to 1:1 complex were pooled and con-
centrated to 5 mg/ml using a 5§ kDa cutoff centrifugal filter
(Sartorius, Germany) in preparation for protein-DNA com-
plex reconstitution.

Duplex DNA preparation

Single-stranded DNA oligonucleotides were procured from
Integrated DNA Technologies (IDT, USA), including 1 umol
of the binding sequence and 1 pmol of its reverse comple-
ment (Supplementary Table S1). IDT formed the duplex of
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these two sequences and purified the duplex through non-
denaturing polyacrylamide gel electrophoresis (PAGE). Final
yield was 142 nmol of purified duplex DNA. This sequence
was designed specifically to contain a single Fkh1 binding site
5’-GTAAACA-3' in the center with flanking regions that in-
crease binding affinity while reducing the likelihood of gener-
ating multiple binding sites, which could potentially introduce
inhomogeneity to the protein-DNA complex sample resulting
in impairment of the crystal packing.

Protein—-DNA complex formation

The protein sample was mixed with double-stranded DNA
(dsDNA) in a 5:1 molar ratio of protein:DNA. The complex
was kept on ice for 30 min before loading onto a Superdex
200 Increase 10/300 GL column pre-equilibrated with 10 mM
HEPES, pH 7.5, 150 mM KCl, 5 mM MgCl,, and 10% glyc-
erol. Peak fractions corresponding to complex formation were
concentrated to 7.5 mg/ml for crystallization using a 5 kDa
cutoff centrifugal filter (Sartorius, Germany).

Protein-DNA co-crystallization

Crystallization was performed at 22°C, using the hanging
drop vapor diffusion method in 24-well VDX plates (Hamp-
ton Research, USA) with a 1:1 ratio of 1 ul of reservoir so-
lution and 1 ul of protein:DNA solution against 500 ul of
reservoir solution. The optimized condition for crystal growth
was 100 mM HEPES, pH 7.0, 37.5%-40% PEG SK-MME,
and 200 mM of ammonium phosphate monobasic, which pro-
duced small cubic-shaped crystals. Crystals grew to their max-
imum size of 20 x 30 pum within 4 days, after which they
were carefully harvested and flash-frozen in liquid nitrogen
and transported to a synchrotron beamline for data collection.

X-ray diffraction, data collection, and structure
determination

Crystallographic data were collected at the Stanford Syn-
chrotron Radiation Lightsource (SSRL) using beamline 12-1
equipped with an Eiger X 16M detector (Dectris). The X-
ray beam was attenuated by 80%, and diffraction images
were collected from a single crystal using 0.2 s exposure and
0.35° oscillation for a total of 275° of rotation. Collected
data were indexed, integrated, and merged with X-ray De-
tector Software [22] at 2.1 A resolution, based on the cri-
terium of CC1/2 > 0.5 in the highest resolution shell. The
space group was determined as P1 with two complexes per
asymmetric unit and a Matthews coefficient of 2.34. Initial
phase information was obtained by molecular replacement
using PHASER [23] with an AF2 [21] model of Fkh1 as the
initial search model. The structure was improved by iterative
rounds of model building and refinement using the programs
Coot (v. 0.9.8.92) [24] and the Phenix.refine module of the
Phenix software package (v. 1.21-5207) [25, 26]. The dsDNA
sequences were added to the model, and model building and
refinement continued. The refinement strategy included refin-
ing XYZ coordinates in reciprocal space, occupancies, individ-
ual B-factors, and TLS groups (one group per chain), as well
as using riding hydrogens and NCS restraints. During the final
round of refinement, resolution was limited to 2.2 A because
of a slight data anisotropy, NCS restraints were omitted, and
the option to optimize the X-ray/stereochemistry weight was
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selected. Crystallographic details and statistics are provided in
Supplementary Table S2.

Molecular dynamics simulations

First, we simulated the two complexes observed in the co-
crystal structures of the Fkh1-DBD-DNA complex. Next, we
performed mutation simulations for the R400 and/or R401
residues in the Fkh1 protein with the sequences seen in the co-
crystal structure to test the individual and combined influence
of these arginine residues on Fkh1 binding to DNA. Single-
residue mutations of the Fkh1 protein were generated using
PyMol [27]. To assess the influence of flanking sequences on
binding, we varied 4-bp flanking sequences for the 5" end and
2 bp for the 3’ end using data from SELEX-seq experiments
[13] using Top-Down Crawl [28] for alignment. Four se-
quences with high, medium-high, medium-low, and low bind-
ing affinities were selected (Supplementary Table S3).

The MD simulation protocol was previously described [29]
(for details see Supplementary Section S-1I). We used the near-
final refinement version of the Fkh1 protein, which has a root-
mean-square deviation (RMSD) of 0.17 A from the final struc-
ture for protein heavy atoms in both Complex 1 and Com-
plex 2. To fill in missing residues in the Fkh1 protein structure
(e.g. those in the Wing 1 loop region), we used MODELLER
[30] to build complete protein models. To simulate both com-
plexes from the co-crystal structure, we extended the DNA
on both ends by 6 bp of GC repeats to achieve a longer, 27-bp
sequence. We used Deep DNAshape [31] to predict the DNA
shape of the extended DNA sequence. Then, to ensure that
the DNA shape of the bound conformation was captured, we
replaced the DNA shape of the new sequence to match that
from the co-crystal structure.

To construct the DNA used in simulations of sequences
from SELEX-seq experiments, we predicted DNA structural
characteristics for the flanking sequences with 6-bp GC re-
peats (Supplementary Table S3) using the Deep DNAshape
webserver [32]. Next, we matched the DNA shape in the
core motif of the generated DNA structures to the shape
in the co-crystal structure. This step maintains the bound
DNA shape and preserves the protein—-DNA interactions cap-
tured in the co-crystal structure. Finally, the geometry of all
constructed DNA oligos was refined and minimized using
PHENIX [25] with the geometry_minimization program to
avoid any potential steric atom clashes. RMSF values were
calculated using GROMACS 2020.3 rmsf for C, atoms of
protein residues for the last 100 ns of the MD trajectory. Addi-
tional details are provided in Supplementary Section S-1I and
Supplementary Fig. S1 [33-38].

Biophysical calculations

Hydrogen bond analysis

Hydrogen bonds were calculated with the GROMACS 2020.3
[37, 38] hbond package. Hydrogen bonds were defined as a
distance cutoff of 3.5 A and a bond angle cutoff of 120° be-
tween donor and acceptor. All hydrogen bonds were analyzed
for the final 100 ns of simulations.

DNA shape analysis

Minor groove width (MGW) and DNA curvature were calcu-
lated with Curves 5.3 [39], as previously described [40], us-
ing MD snapshots obtained every 100 ps. MGW calculations
were plotted for the last 100 ns of simulations.
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Deep-learning studies of protein-DNA binding
Protein—-DNA binding specificity predictions

Structures of protein-DNA complexes were analyzed with
DeepPBS [41]. DeepPBS predicts the position weight ma-
trix associated with the DNA binding specificity based on a
given conformation of the complex based on geometric deep
learning. In this process, DeepPBS computes protein-heavy
atom-level relative importance scores (RI scores), which can
be aggregated at the residue level. This represents importance
scores of protein residues toward determining DNA binding
specificity. The DeepPBS webserver [41] was used for this
analysis, with the ‘both readout” model and the option to cal-
culate heavy atom relative importance scores.

Protein conformational flexibility analysis

Structural variability was probed based on multiple protein
conformers generated with Biomolecular Emulator (BioEmu)
[20], an approach that samples conformational flexibility in
the vicinity of a protein’s equilibrium structure through gen-
erative modeling. For ensemble generation, BioEmu [20] was
run with protein sequence as input and standard settings.

Yeast in vivo functional testing
Strains and plasmids

Wild-type (WT) FKH1 was cloned from the endoge-
nous FKHI1 locus into the Xmal-digested pRS415 plas-
mid backbone using Gibson Assembly (Gibson Assembly
Ultra Kit from Telesis Bio, USA). The forward and re-
verse primers for amplification are listed in Supplementary
Table S1. Mutations were introduced into this plasmid us-
ing the QuickChange Lightning Multi Site-directed mutage-
nesis kit (Agilent 210515 from Agilent, USA). Plasmids were
transformed into fkh1A::URA3Mx fkh2A::HIS3Mx strain
OAy1121 using the LiAc-PEG method [42] with selection
on complete synthetic medium (CSM) minus leucine (Sun-
rise Science, USA). OAy1121 was a MATu« version of strain
OAy1123 described previously [43]. The pRS415 plasmid in-
cludes LEU2, which encodes for a leucine-synthesizing en-
zyme, so that the yeast strain, which was initially leucine
auxotroph, can synthesize leucine upon plasmid transforma-
tion. The strain harboring pRS415 was grown in leucine
dropout medium to continuously select for cells containing
pRS415.

Microscope images and quantification

Yeast harboring the earlier plasmids were cultured in liquid
CSM-leu at 30°C to mid-log phase (OD600 = ~0.7). Next,
500 pl of cell cultures were taken and briefly sonicated using
a micro horn (2 pulses, 1 s each with 25% amplitude) be-
fore imaging (Branson SFX150). Brightfield images were cap-
tured using a DeltaVision Elite Microscope (GE HealthCare,
USA) using a 60x /1.42 oil immersion objective lens. For each
strain, 25-panel (5 x 5) images were taken and stitched to-
gether. Three 25-panel images were quantified. Cells in the
field were counted and classified into clusters (>2 cells con-
nected to each other) and non-clusters. The total number of
cells in clusters was summed. Percentage of cells in clusters
was calculated as the total number of cells in clusters divided
by the total number of cells in the field. All images were ad-
justed for brightness and contrast using Image]J software.

Results

Co-crystal structure of Fkh1-DBD-DNA complex

We determined the co-crystal structure of the Fkh1-DBD (aa
299-421) bound to a 19-bp dsDNA containing the canoni-
cal binding sequence 5'-GTAAACA-3'. Figure 1 shows a sec-
ondary structure plot for the Fkh1-DBD (Fig. 1A), a linear
protein map showing the domains of the full-length Fkh1 (Fig.
1B), and the sequence of the bound DNA (Fig. 1C). Crys-
tallographic data were collected from a single crystal that
diffracted to a resolution of 2.1 A and belonged to space group
P1 (Supplementary Table S2). The solved structure contains
two Fkh1-DBD-DNA complexes per asymmetric unit (Fig.
1D). All residues were resolved except for residues 367-371 in
both complexes in the asymmetric units, indicating a flexible
part of the loop of Wing 1 (Fig. 1D).

Novel protein fold of Fkh1-DBD

Like other FOX family members, the Fkh1-DBD monomer in
Fkh1-DBD-DNA Complex 1 adopts a typical winged-helix
structure (Fig. 1E). However, unlike many FOX structures that
only have 3-4 «-helices, Fkh1 comprises five «-helices (H1,
H2, H3, HS, and H6), one 3qp-helix (H4), two antiparallel
B-strands (S1 and S2), and two winged loops (Wing 1 and
Wing 2). The core structure of Fkh1 consists of three stacked
a-helices (H1, H2, and H3), a 31¢-helix (H4) between H2 and
H3, and two antiparallel B-strands (S1 and S2) with a loop
(Wing 1) between S1 and S2. The structure continues with the
stacked a-helices HS and Hé6. Helix H6 wraps back into the
core structure, stabilizing a loop (Wing 2) that resides between
HS and Hé. The structure is further stabilized by the presence
of a K* cation connecting H3 and S1, as observed in other
Forkhead structures [18]. These interactions are visualized in
Supplementary Fig. S2. There are minor differences between
the two complexes in the asymmetric unit, which seem to be a
result of crystal packing (see Supplementary Section S-1II and
Supplementary Figs S3-S11).

Fkh1-DBD is overall longer than most FOX proteins (~120
residues versus ~80-100 residues). Defining the Wing 2 re-
gion are the residues beyond the S2 3-strand, resulting in Fkh1
featuring an extended Wing 2 region (~40 residues long). In
comparison, many FOX proteins either lack a Wing 2 region
entirely or have one that is only ~20 residues long. A few other
FOX proteins contain a C-terminal Wing 2 region that is well
characterized, and even fewer are associated with DNA inter-
actions (Fig. 2 and Supplementary Fig. S12). The Fkh1 Wing
2 region features a closed loop that forms base-specific inter-
actions with DNA. The H5 and Hé «-helices stabilize Wing
2 by interacting with the core Forkhead domain, creating a
unique Forkhead domain fold that forms well-characterized
MG interactions.

Compared to other solved FOX-DBD-DNA structures, the
only structure with a well-structured Wing 2 of compara-
ble length is FOXH1. However, whereas the FOXH1 Wing
2 interacts with DNA, it only contacts the DNA backbone
and does not form base-specific contacts. Most FOX pro-
teins that form Wing 2 contacts with DNA do so with the
DNA backbone. In some cases (e.g. FOXO3a), there are base-
specific contacts, but these are only within an unstructured
loop. Of the existing FOX-DBD-DNA structures, Fkh1 is
the only Forkhead protein to have a well-structured Wing
2 that is known to also form base-specific contacts with

the MG.
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3’/ - GCTTTACATTTGTATGGCG - 5’
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W Core Binding Motif
m 5 Flanking Region, MG Region 1
M 3’ Flanking Region, MG Region 2
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Complex 1

Figure 1. Co-crystal structure of Fkh1-DBD-DNA complex. (A) Secondary structure and sequence visualization of Fkh1-DBD (aa 299-421). (B) Linear
protein map of full-length Fkh1, containing two main domains: FHA domain (aa 76-142) and FKH DBD (aa 299-421). (C) Sequence of bound 19-bp DNA.
Core binding site and adjacent flanking regions are labeled. (D) Overall structure of asymmetric unit cell of Fkh1-DBD bound to oligonucleotide
5-CGAAATGTAAACATACCGC-3'. The asymmetric unit cell contains two separate complexes, Complex 1 and Complex 2, with slightly different
conformations. (E) Structural representation of Complex 1 in the asymmetric unit, featuring Fkh1-DBD (Chain A) bound to DNA (Chains E and F).
Secondary structure elements are labeled as shown for protein sequence in panel (A). Core binding site and flanking regions are marked with the same

colors as in panel (C).

DNA recognition in Fkh1-DBD-DNA complex

As with many FOX-DBD-DNA structures, Fkh1-DBD binds
to the core binding site 5'-GTAAACA-3’ via interactions be-
tween o-helix H3 of Fkh1-DBD and the DNA major groove,
with strong electron density evidence (Supplementary Fig.
S13A). The interaction network comprises most of the base-
specific contacts of the core binding site. More specifically,
N349 forms a bidentate hydrogen bond with the A10 base.
R352 forms a hydrogen bond with the G8’ base and possibly
a stacking interaction with the T7’ base. H353 forms hydro-
gen bonds with the T10" and T11’ bases, as well as potential
contacts or other hydrophilic interactions with the T8 and A9
bases. S356 forms a hydrogen bond with the phosphate of
T9’. The R352, H353, and S356 residues mediate binding to
the core binding site in the major groove via conserved hydro-
gen bonds common to many Forkhead proteins (Fig. 3A). In
addition to hydrogen bonds, these residues are major contrib-
utors to water-mediated contacts, which can confer another
layer of binding specificity (Supplementary Fig. S14).

Wing 1 of the Fkh1-DBD interacts with MG region 2 at
the 3’ flanking region (underlined) of the core binding site
5'-GTAAACATA-3'. The most likely rotamer for the K373
side chain interacts with the sugar and phosphate moieties
of C16, although this residue exhibits poor electron density,
suggesting conformational flexibility when binding to DNA

(Supplementary Fig. S13C and D). Residue M375 forms a hy-
drogen bond between its backbone nitrogen and the phos-
phate of G8'. These two residues also contribute to water-
mediated hydrogen bonds with DNA, which are potentially
important for differentiating sequences from high to low bind-
ing affinity (Supplementary Fig. S14). However, these weaker
interactions align with knowledge that the 3’ flanking region
is shorter and contributes less to Fkh1 binding affinity than
the 5’ flanking region [13]. These interactions are visualized
in Fig. 3B.

Wing 2 of the Fkh1-DBD interacts with MG region 1 at
the 5’ flanking region (underlined) of the core binding site
5’-AAATGTAAACA-3" and is well characterized with strong
electron density (Supplementary Fig. S13B). Such interaction
is uncommon for most FOX-DBD structures, which typically
have less secondary structure accompanying Wing 2. The
Wing 2 interactions occur mainly via two residues, R400 and
R401. The sidechain of R400 forms a salt bridge with the
phosphate of C18’ and a stacking interaction with R407. The
backbone nitrogen of R400 forms a hydrogen bond with the
phosphate of G19'. The sidechain of R401 forms strong hy-
drogen bonds with the G2 and C18’ bases and the sugar of
C18'. The backbone nitrogen of R401 forms a hydrogen bond
with the phosphate of G19’ (Fig. 3C). R400 and R401 con-
tribute to a highly complex water-mediated hydrogen bond
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Figure 2. Table detailing key similarities and differences between the Fkh1-DBD-DNA complex and other available Forkhead protein—-DNA structures.
The comparison reveals multiple novelties of the Fkh1-DBD-DNA structure that have previously not been observed. It exhibits a novel protein fold, the
longest structured Wing 2 region that has been observed, and one of the longest DNA fragments bound to a Forkhead protein.

Figure 3. DNA recognitjon of Fkh1-DBD domain. Hydrogen bonds are shown in yellow (distance < 3.5 A). Less favorable polar interactions are shown in
purple (distance < 4.0 A). (A) Interactions between o-helix H3 and major groove of bound DNA. (B) Interactions between K373 of Wing 1 and MG
region 2, as well as interactions between K363 and W377 of 3-strands S1 and S2 with the DNA backbone. (C) Interactions between R400 and R401 on

Wing 2 and MG region 1.

network, conferring binding specificity by the Wing 2 region
(Supplementary Fig. S14).

There are additional backbone interactions, including an in-
teraction between «-helix H1 and the core binding site, where
the sidechain of Y308 forms a hydrogen bond with the phos-
phate of T8, while the backbone nitrogen of Y308 forms a
hydrogen bond with the phosphate of G7. 3-strands S1 and

S2 interact with the 3’ flanking region alongside Wing 1. In
B-strand S1, K363 forms a strong salt bridge with the phos-
phate of T9’. In B-strand S2, W377 forms a hydrogen bond
with the phosphate of G8' (Supplementary Fig. S3A).
Overall, there are protein—-DNA interactions across the core
binding site extending slightly beyond the flanking regions.
These results provide structural evidence for the extended
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DNA binding motif of Fkh1 whose increased relative binding
affinity was observed in SELEX-seq experiments [13].

R401 residue modulates interaction with minor
groove

The Wing 2-DNA interaction is of interest due to its func-
tion in achieving binding specificity [18, 43-47]. The Wing 2
domain is highly dynamic and hard to capture in crystal struc-
tures [18]. A previous study examined binding of the Wing 2
domain in human, frog, and fish Forkhead proteins [48]. Here,
we observe a stronger interaction of the Wing 2 region of yeast
Fkh1 with DNA in the co-crystal structure, highlighting the
potential significance of residues R400 and R401. These in-
teractions are shown in Supplementary Fig. S3A, visualized
using DNAproDB [49].

Among various other Forkhead proteins, multiple consec-
utive arginine or lysine residues are common in the Wing 2
region. We attempted to analyze the binding pose of several
other Forkhead proteins using AlphaFold 3 (AF3) [50]. Pre-
dicted structures were aligned by the first 80 residues (cov-
ering the core and Wing 1 regions) to analyze differences in
the Wing 2 regions. Predicted poses of two arginine residues,
aligned with R400 and R401 in our co-crystal structure, are
shown as sticks in Supplementary Fig. S15. Most predicted
arginine residues interact with the DNA backbone rather than
with MG region 2. With a relatively low average AF3 confi-
dence score (pLDDT) of 66.9 for the two arginine residues,
the accuracy of AF3 predictions in this region remains unclear.
Meanwhile, the predicted pose for the highly conserved lysine
residue, K373, is highly similar among Forkhead proteins.

We also used AF3 [50] to predict the Fkh1-DBD-DNA
complex using the same nucleotide and amino acid sequences
observed in the co-crystal structure. Overall, predicted struc-
tures closely resemble the co-crystal structure (Supplementary
Fig. S16A) with an all-atom RMSD of 2.19 A for the en-
tire complex. Components of the complex are predicted with
high confidence, with an average overall pLDDT of 81.31
for the DNA and 88.83 for the protein chain. Predictions
for the K373 residue show a relatively high pLDDT of
73.51 (Supplementary Fig. S16B, left panel). Despite the poor
electron density observed for K373 in the co-crystal struc-
ture, the AF3 prediction aligns with this pose, confirming
the accuracy of K373 positioning in the co-crystal structure
(Supplementary Fig. S13C and D). However, predictions for
arginine residues R400 and R401 show low average pLDDT
of 58.51 and 57.71, respectively, among the top five predicted
structures (Supplementary Fig. S16B). Three models predict
R401 to be outside MG region 2 (similar to Complex 2 in our
co-crystal structure), while two models predict a conforma-
tion of R401 similar to that observed in Complex 1 of the co-
crystal structure (Supplementary Fig. S16B, right panel). How-
ever, none of the predicted orientations for R400 align with its
position in the co-crystal structure (Supplementary Fig. S16B,
center panel). Despite recent advances in protein structure pre-
dictions [51], accurate predictions at atomistic resolution cru-
cial for protein-DNA interactions remain challenging. There-
fore, co-crystal structures remain essential for analyzing mech-
anistic aspects of protein-DNA interactions.

Next, we analyzed the R400 and R401 interactions with
the DNA in mechanistic detail. Initially, we ran MD simula-
tions for Complex 1 and generated a mean structure by clus-
tering the trajectory with an RMSD cutoff of 1 A. This mean
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structure was further analyzed with DeepPBS [41], a geomet-
ric deep learning-based method that assesses the importance
score of each residue for DNA binding specificity by neural
network perturbation. In the Wing 2 region, both R400 and
R401 exhibit high importance, whereas K373 is most criti-
cal in the Wing 1 region. In the core region, residues N349,
R352, 5356, and H353 are crucial for DNA binding, serving
as a control (Supplementary Fig. S17). We investigated inter-
action of the R401 residue with DNA by analyzing the corre-
lation between their distance and MGW. We observed a high
negative correlation of —0.66 between movements of R401
and MGW (Supplementary Fig. S18). This finding shows that
R401, through electrostatic interactions, can modulate MGW
at the flanking region contacting Wing 2. Similar correlations
were observed across other replicas with an average absolute
correlation of 0.55.

Mutations reveal substitution mechanism of R400
and R401 in DNA recognition

We analyzed the effect of mutating R401 to alanine (R401A)
on DNA binding by conducting MD simulations of the WT
and mutated complexes for 300 ns. Clustering the trajectory
to derive a mean structure reveals that in the absence of R401,
R400 can compensate by interacting with MG region 2 (Fig.
4A). Specifically, in the R401A mutant, R400 influences the
MGW at the A4 base (Fig. 4B and Supplementary Fig. S19A)
in place of R401. We further quantified this substitution by
measuring the distance between the guanidinium group of
R400 and the N3 atom of the A4 base. In WT protein, the
R400 residue is located at a distance of ~12.8 A from the A4
nucleotide. This distance decreases to ~5.7 A in the R401A
mutant, where R400 substitutes for R401 in contacting the
MG (Supplementary Fig. S19A). We calculated these distances
for both R401A and WT simulations and found such substi-
tution in most replicas (Supplementary Fig. S19B).

Functional validation of Fkh1 wing—DNA contacts
and arginine substitution mechanism

Fkh1 and Fkh2 are crucial for regulation of CLB2 cluster
genes. To investigate the importance of the R400 and R401
residues for interactions with the DNA flanking region con-
tacted by Wing 2, we tested mutant alleles of FKH1 for
their ability to complement for loss of FKH1 function. Yeast
with both FKH1 and FKH2 deleted (fkh1A fkh2A) exhibit
pseudohyphal growth [2], in which the yeast form branched
structures of connected elongated cells. Cells expressing ei-
ther FKH1 or FKH2 exhibit comparatively normal cell divi-
sion and morphology, indicating that either TF can compen-
sate for the absence of the other [1-4]. When we introduced
WT FKHI and its mutant alleles on a plasmid into fkh1A
fkh2 A cells and visualized cellular morphology (Fig. 4C), we
observed full rescue of the mutant phenotype upon expres-
sion of WT FKHT1. Expression of either the R400A or R401A
allele also rescued the pseudohyphal phenotype. However, ex-
pression of the double mutant (R400A, R401A) did not fully
complement FKH1 function, with these cells exhibiting a par-
tial pseudohyphal phenotype compared to fkh1A fkh2 A cells,
characterized by fewer and smaller cell clusters (Fig. 4C and
Supplementary Fig. S20). This result provides evidence for the
substitution mechanism whereby R400 substitutes for DNA
binding in the absence of R401, as indicated by the MD sim-
ulation analysis.
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Figure 4. MD simulations and functional assays reveal importance of R401 in protein~DNA binding. (A) Structural alignment of R401A mutant (gray) and
WT (orange) complexes from clustered MD simulations. Arrow indicates movement of R400 into MG region 2 in R401A system. Arginine residues are
shown in sticks. (B) DNA shape comparison of mutants (orange and black) with WT complexes (grey). Regions contacted by winged domains are
labeled. (C) Microscopic images of fkh1A fkh2A strains containing plasmids expressing indicated FKHT alleles or empty vector. (D) Residue relative
importance scores calculated for AF3-predicted WT and mutants using DeepPBS. Visualization of Wing 2 region interactions of each system is provided.

We additionally examined the FKH1 residue K373 on Wing
1 that contacts DNA in the co-crystal structure (Fig. 3B). The
K373A allele failed to fully rescue pseudohyphal growth, con-
sistent with K373 stabilizing the DNA contact with Wing 1.
Finally, we combined the Wing 1 and Wing 2 mutations to
create the triple mutant (K373A, R400A, R401A). This allele
showed an additive effect of the Wing 1 and Wing 2 muta-
tions, although the triple mutant allele was still able to par-
tially complement FKH1 function (Supplementary Fig. S21).
Taken together, the results suggest that both Fkh1 wings assist
in stabilizing protein-DNA interactions iz vivo and that their
loss causes a partial defect of Fkh1 function.

Deep learning-based analyses emphasize
importance of Wing 2 arginine residues in DNA
readout

To further confirm the crucial role of R400 and R401 in
achieving DNA binding specificity, we used AF3 [50] to pre-
dict the structure of the mutant constructs (Fig. 4D). The R400
substitution in R401A is observed in AF3-predicted struc-

tures. Using DeepPBS [41], we calculated the relative impor-
tance scores for these two arginine residues. R400 is predicted
to interact with DNA only in the R401A system (Fig. 4D, cen-
ter panel). The role of residues R400 and R401 in Fkh1-DNA
binding is further supported through MD simulation analyses
(Supplementary Figs S22-S25 and Supplementary Table S4)
and a BioEmu [20] analysis of protein conformational flexi-
bility (Supplementary Fig. S26).

Discussion

We determined a 2.2 A resolution co-crystal structure of the
Fkh1-DBD-DNA complex and identified the structural mech-
anisms by which Fkh1 recognizes its DNA target site. Helix
H3 forms major groove interactions with the core binding
site, while Wing 1 and Wing 2 interact with the MG of the
flanking regions. Wing 2 has a stable conformation that has
not been observed in other Forkhead proteins and contributes
to binding affinity via DNA shape-mediated interactions. Our
experimental and MD analyses provide compelling evidence
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for the mechanisms responsible for the DNA-binding speci-
ficity of flanking regions beyond the core binding site.

Our previous SELEX-seq experiments indicated DNA
flanking sequence preferences of Fkh1 and other yeast Fork-
head proteins, implying the presence of protein-DNA interac-
tions involving flanking regions to the core binding site [13],
but did not allow a description of structural mechanisms re-
sponsible for this readout mode based on experimental data.
In our prior study, we used AF2 [21] to predict the Fkh1-DBD
structure, with similar findings to the X-ray crystallography
results obtained here (Supplementary Fig. S26 in Ref. [13]).
The RMSD between predicted and final DBD structures was
only 0.47 A. Notably, AF2 predicted the novel Wing 2 fold ob-
served in the co-crystal structure, despite the current absence
of other Forkhead proteins with a similar fold in the Protein
Data Bank (PDB) [52].

Here, we employed AF2 for the design of the Fkh1-DBD
construct used for crystallization. AF2 was useful for detecting
the importance of the H5 and Hé6 helices for the stable Wing
2 region. Protein construct design for crystallization generally
favors closely trimmed constructs, as disordered regions can
interfere with the formation of crystal contacts. Therefore, the
construct must be chosen in a way that trims enough residues
to make it suitable for crystallization while still capturing rel-
evant structural information. The final Fkh1-DBD construct
contains 123 residues, longer than most Forkhead domains
(typically ~80-100 aa). Had we designed the Fkh1 construct
based on homology and secondary structure evidence, parts of
the H5 and/or H6 helices would have been excluded, result-
ing in a crystal structure with missing information or likely
failure to crystallize. Thus, AF2 was instrumental for expedit-
ing the process of producing the crystal and solving the three-
dimensional structure of a complete Fkh1-DBD.

The asymmetric unit of the Fkh1-DBD-DNA co-crystal
structure features two protein-DNA complexes with slightly
different conformations, along with a few interactions be-
tween complexes. Human Forkhead-DBD-DNA complexes
have been known to dimerize through protein—protein in-
teractions, creating a bridge between two DNA sequences.
In some cases, such as FOXP3 [53, 54|, this bridging effect
can be formed via a domain swap, whereby structural ele-
ments are exchanged with adjacent subunits, creating an in-
tertwined multimer structure. Despite appearing to be a dimer
in the asymmetric unit, Fkh1 does not exhibit these prop-
erties in solution. As observed from the size-exclusion chro-
matogram and Native-PAGE gel (Supplementary Figs S7 and
S8), Fkh1-DBD-DNA exists only as individual complex in
solution. Crystal contact analysis with PISA [55] suggested
that individual protein—-DNA complexes in the asymmetric
unit remain stable in solution, whereas the dimer of two
protein-DNA complexes in the asymmetric unit is unsta-
ble (Supplementary Figs S9 and S10). The crystal packing
(Supplementary Fig. S11) further indicates that the composi-
tion of the asymmetric unit includes two protein-DNA com-
plexes due to their slight structural variation.

When preparing protein-DNA complexes for crystalliza-
tion, it is often desirable to isolate the complex from free
protein and free DNA. Yet in the literature, FOX-DBD-DNA
complexes are often prepared by mixing protein with DNA at
a particular molar ratio, without further processing [48, 53],
likely because methods such as size-exclusion chromatogra-
phy can disrupt Forkhead protein-DNA interactions. Inter-
estingly, the Fkh1-DBD-DNA complex was unusually stable
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through the size-exclusion chromatography process. This sta-
bility could be due to a longer lifetime or higher thermody-
namic stability, potentially owing to wing interactions with
the flanking regions of the high-binding-affinity oligo. Nev-
ertheless, further analysis of multiple FOX-DBD-DNA com-
plexes via methods such as isothermal titration calorimetry
and competition assays would be necessary to determine the
cause of improved stability.

The structure of the Fkh1-DBD Wing 2 region enables it to
form MG contacts with the flanking region of the core bind-
ing site in a manner that primarily depends on interactions
of R400 and R401 with DNA. Our MD simulation analy-
ses of selected sequences with varying binding affinity pro-
vided results consistent with these observations. Wing 2 sta-
bility could be important for both Fkh1 function and efficient
Fkh1 binding to target loci in the yeast genome. Recent stud-
ies into the C-terminal region of Fkh1-DBD [56] have shown
that deletions involving helix H6 and the region directly fol-
lowing it result in Fkh1 dysfunction in fkh2 A yeast. Deletion
of residues in the 417-423 region is associated with impaired
Fkh1 function and reduced binding efficiency of target loci,
consistent with our observations in the Fkh1-DBD-DNA co-
crystal structure. In particular, the 1419 and P420 residues on
the C-terminal end of the H6 helix form hydrogen bonds and
hydrophobic interactions with the H5 helix, seemingly stabi-
lizing Wing 2 (Supplementary Fig. S27).

Fkh1-DNA recognition is primarily determined by the H3
recognition helix, which interacts in a sequence-specific man-
ner with the major groove of the bound DNA. The wings of
the FKH domain may interact with DNA flanking regions to
enhance the binding specificity and/or avidity of interaction
with target DNA sequences. For instance, the mutation of the
Wing 1 residue K373A was previously shown to impair Fkh1
function [57]. Indeed, we showed here that the wing interac-
tions with the MG of flanking regions [58] are important for
Fkh1 function. This was demonstrated by our MD simulation
analysis and in vivo experiments, which validated the arginine
substitution mechanism whereby R400 can substitute for the
DNA binding interactions of R401 if mutated (Fig. 4C and
Supplementary Figs S18 and S19). Mutations of important
wing residues resulted in a degree of pseudohyphal morphol-
ogy consistent with Fkh1 dysfunction, and mutations on both
wings had an additive effect resulting in enhanced dysfunc-
tion. Fkh1 function was measurably and clearly diminished
by the loss of wing interactions with the MG in the flanking
region, indicating the importance of DNA interactions outside
of the core binding site for Fkh1 function.
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