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NMR investigation of FOXO4-DNA
interaction for discriminating target
and non-target DNA sequences
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Donghoon Kang'?, Min June Yang ® *, Hae-Kap Cheong? & Chin-Ju Park®'

Forkhead box O4 (FOXO4), a human transcription factor, recognizes target DNA through its forkhead
domain (FHD) while maintaining comparable binding affinity to non-target DNA. The conserved region
3 (CR3), a transactivation domain, modulates DNA binding kinetics to FHD and contributes to target
DNA selection, but the underlying mechanism of this selection remains elusive. Using paramagnetic
relaxation enhancement analysis, we observed a minor state of CR3 close to FHD in the presence of
non-target DNA, a state absent when FHD interacts with target DNA. This minor state suggests that
CRa effectively masks the non-target DNA-binding interface on FHD. The interaction weakens
significantly under high salt concentration, implying that CR3 or high salt concentrations can modulate
electrostatic interactions with non-target DNA. Our N relaxation measurements revealed FHD’s
flexibility with non-target DNA and increased rigidity with target DNA binding. Our findings offer

insights into the role of FOXO4 as a transcription initiator.

In eukaryotic cells, each transcription factor (TF) recognizes its own target
DNA sequence to regulate gene expression. TFs move within the nucleus by
Brownian motion and approach DNA to bind to a target gene sequence'.
Then, TFs quickly scan countless non-target DNAs through 1D sliding and
hopping/jumping strategies until they reach their target DNA'. For this
purpose, most TFs require a certain level of affinity with non-target DNA.

The human genome comprises approximately 1600 TFs, of which
about 50 are members of the forkhead box (FOX) family’. FOX class O
proteins (FOXO), a family of human TFs that shares the forkhead DNA-
binding domain (FHD)’”, participate in various cellular processes such as
cell cycle regulation, cell survival, metabolism, inflammation, differentia-
tion, stress resistance, apoptosis, and tumorigenesis”'*. These processes
impact carcinogenesis, diabetes, complications related to diabetes, cardio-
vascular disease, host response, and healing of wounds™. FOXOs are also
known as important cellular senescence regulators”. Among the four
human FOXO TFs (FOXO1, FOXO3a, FOXO4, and FOX06)'*", FOXO4
is highly expressed in muscle and heart tissue'®. FOXOs regulate their
transcriptional activity through post-translational modifications such as
phosphorylation, ubiquitination, methylation, and acetylation'"**. Acet-
ylation of K186, K189, and K408 induces the export of FOXO4 from the
nucleus, reducing the transcriptional activity of FOXO4'“*.

FOXOs contain several domains, including the FHD, a nuclear loca-
lization sequence (NLS), a nuclear export sequence (NES), and a transac-
tivation domain at the C-terminus (conserved region 3; CR3) (Fig. la).

FOXO4 FHD is known to recognize specific DNA sequences known as the
DAF-16 family member-binding element (DBE) and insulin-responsive
element, like other FOXs****. Flanking sequences facilitate DNA binding to
mouse FOXO1°**°. The structure of FOXO4 FHD in complex with its target
DNA was determined using X-ray crystallography”’ (Fig. 1b). It showed that
helix 3 (H3) of FHD interacted with the bases of the target DNA, and the
N-terminus and wing 1 (W1) regions interacted with the phosphate back-
bone of the target DNA. Figure 1c shows the target DNA sequence that was
used and the random non-target sequence™. It is known that TFs have a
relatively higher binding affinity for target DNA compared to non-target
DNA, as exemplified by p53, pre-B-cell leukemia TF 1, and homeobox
protein A7, Additionally, TFs often undergo homo- or hetero-
multimerization to increase target binding ability’>”’. For example,
FOXO1 binds to specific DNA sites as a homodimer*, and FOXP3 forms a
heterodimer with a nuclear factor of activated T cells for DNA binding™*".

Unlike other TFs, FOXO4 FHD binds its target DNA as a monomer,
and binds to both target and non-target DN'As with a similar level of affinity,
using a similar binding interface in vitro*’. Under high salt buffer conditions,
the dissociation constant (K4) for both types of DNAs was similarly
weakened”. These observations imply that FOXO4 FHD itself does not
achieve high selectivity for its cognate DNA sequence. It was previously
suggested that FOXO4 FHD obtains DNA selectivity possibly via intra-
molecular interaction with FOXO4 CR3, which is negatively charged and
intrinsically disordered, such that FOXO4 CR3 effectively competes with
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Fig. 1 | Structure of FOXO4 and oligomeric DNA a
sequences. a Domain structure of FOXO4. Primary

sequences of FOXO4 FHD and CR3 are illustrated 95
with arrow-marked extensions. b Complex structure
of FOXO4 FHD and DAF-16 family member-
binding element (DBE; PDB ID: 3L2C)”. DBE
sequences are shown in red. ¢ DBE, target, and non-
target DNA sequences. DBE sequences are

shown in red.
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non-target DNA for FHD interaction and induces fast exchange between
the free and DNA-bound states of FHD®. A similar intramolecular inter-
action occurs between the transactivation domain and the DNA-binding
domain of p53, and it reduces the binding affinity of p53 for non-target
DNA sequences’’.

Even though it is known that CR3 plays a crucial role in the target DNA
recognition of FOXO4 FHD, it is still unclear how FOXO4 distinguishes its
target DNA from large amounts of non-target DNA in the nucleus. To
address this question, we investigated the structural and dynamic aspects of
the FHD-DNA complex in various conditions using NMR techniques. We
found through NMR paramagnetic relaxation enhancement (PRE)
experiments that the distance between CR3 and FHD is different depending
on the presence of either target or non-target DNA. We also performed
comparative chemical shift perturbation (CSP) analyses of the wild-type
FHD and a C-terminus deletion mutant with two DNAs in different salt
conditions. With this systematic approach, we illustrate features of the DNA
interface of FHD that distinguish target and non-target DNA at the residue
level. Finally, we observed different backbone dynamics of FHD in the
unbound, target DNA-bound, and non-target DNA-bound states. Based on
our findings, we propose that despite having minimal secondary structure,
the positively charged C-terminus region of FHD plays a crucial role in its
interaction with DNA and CR3. While most studies of TFs mainly focus on
explaining their interactions with target DNA, the current study provides
important insights into transcriptional regulation by the FOX family of TFs
and reveals the functions of various structural domains of FOXO4 through
the study of its interactions with target DNA as well as non-target DNA.

Results

CR3 affects FHD in the presence of non-target DNA

We previously revealed that the interaction between CR3 and FHD affects
the dynamic properties of the FHD depending on the DNA sequence™. In
addition, an NMR structural study of the FHD-CR3 complex demonstrated

that CR3 occupied the DNA-binding surface of FHD**”. While the pre-
sence of CR3 causes lower binding affinities and faster exchange of the FHD
with non-target DNA, it rarely changes the exchange rate for target DNA.
These dynamic differences suggest that CR3 modulates FOXO4-target
DNA recognition™. To investigate the role of CR3 in the interaction between
FHD and DNA, we conducted PRE experiments to measure the relative
distances between FHD, CR3, and DNA.

Initially, we performed PRE experiments with S-(1-oxyl-2,2,5,5-tet-
ramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate
(MTSL) labeling on C481 in CR3 to examine the interaction between FHD
and CR3. As shown in Fig. 2a, several residues within the helices of FHD
exhibited a reduction in intensity ratio (intensity of oxidized state
(Iparamagnetic)/intensity of reduced state (Igiamagnetic) < 0.50), consistent with
the CSP analysis and structural model from previous studies (Supplemen-
tary Fig. 1)***. This showed that CR3 is predicted to share the binding site
with DNA, bringing CR3 into proximity with the helices of FHD, as indi-
cated by the PRE results.

Next, the interaction between FHD and CR3 in the presence of target
DNA was investigated. Unlike the results obtained in the absence of DNA,
no appreciable decrease in intensity ratio was observed (Fig. 2b). This
implies that the presence of target DNA significantly impeded the inter-
action between FHD and CR3, so CR3 does not come within 25 A of FHD™.
We then observed the interaction between FHD and CR3 in the presence of
non-target DNA. A discernible decrease in intensity ratios within the sheet 2
(S2)-W1 region was observed (Fig. 2¢), showing that CR3 affects FHD in the
presence of non-target DNA. This contrasts with the results in the presence
of target DNA, suggesting that the interaction between FHD and CR3 is
affected differently by different DNA sequences. We also quantitatively
measured the PRE rate (‘Hy-T5). As previously noted, 'Hy-T, values
exceeding 10s™" are significant’’. Notably, the region exhibiting "Hx-T'»
values greater than 10s™" was observed only in the presence of non-target
DNA but not with target DNA (Supplementary Fig. 2). These findings
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suggest that when FOXO4 FHD is bound to non-target DNA, CR3 affects
the helix 1, helix 2, S2, and sheet 3 regions of FHD. Considering the similar
Kgs of FHD for both types of DNA but a higher exchange rate for the non-
target DNA in the presence of CR3”, the apparent PREs observed in the
FHD-non-target DNA system by MTSL-labeled CR3 might result from a
minor state in which FHD is closer to CR3, whereas the major DNA-bound
conformation might be similar to the target DNA-bound form of FHD.

Notably, both types of DNA could release CR3 from FHD based on
previous 'H-"N heteronuclear single quantum coherence (HSQC)
monitoring’. By measuring PRE, we observed that CR3 is not completely
dissociated from the FHD-non-target DNA complex. In particular, some
portions of CR3 could be transiently located close to the S2-W1 region
rather than the H3 regions of FHD, which are the main CR3 binding sites.
This is likely due to the occupation of FHD’s H3 regions by DNA, making it
easier for CR3 to interact with S2-W1 of FHD, which is relatively weakly
occupied by non-target DNA.

FHD-non-target DNA interaction experiences fast exchange
under the high salt concentration

To answer the question of how CR3 competes better with the non-target
DNA than the target DNA for FHD binding, we hypothesized that CR3,
with its abundance of negatively charged residues, could effectively impede
the less-specific electrostatic interactions between non-target DNA and
FHD. In order to examine this hypothesis, we tested FHD-DNA interaction
without CR3 under high salt concentration. We performed "H-""N HSQC
titration experiments of FHD with the target and non-target DNA at 50 and
150 mM NaCl. Figure 3a, b shows the CSP graphs of °N labeled FHD with
target and with non-target DNA in 50 mM NaCl buffer, respectively. While
overall CSP changes are higher in target DNA, the significantly perturbed
residues (>2 standard deviations), such as A107 in the N-terminus, R155 in
H3,and N169 and W178 in the C-terminus are the same between the target
and non-target DNA titrations. This confirms that the N-terminus, H3, and
C-terminus regions play a crucial role in DNA interaction. Under 150 mM
NaCl conditions, the CSPs caused by the target DNA titration were not
significantly changed, and the mean of the CSP values (Ad,s) was also
similar (Fig. 3a, ¢; 0.133 and 0.140 ppm). Y106, A107, V167, and N169 still
maintained high Ad,s with target DNA even at high salt concentrations.
There was a slight decrease of N152 and R155 CSP in the H3 region, which is
known to directly interact with DNA. In the case of non-target DNA at high
salt, the mean of Ad,; was reduced from 0.092 to 0.073 ppm (Fig. 3b, d). The
decreases in CSPs in H3 (N152, R155, and L158) and S2-W1 (F164, K166,
H168, and N169) were significant. In particular, the positively charged
sidechains of K166 and H168 in S2 could be involved in electrostatic
interaction with the DNA backbone.

We also found that the exchange rate of non-target DNA-FHD
binding was affected by high NaCl concentration. A107 in H1 and V167 in
S2 are well separated, with fast and slow exchange clearly distinguishable,
and were monitored with increasing DNA concentrations. With target
DNA, the peaks of the unbound state disappeared and then reappeared at
the bound position in both 50 and 150 mM NaCl (Fig. 4a-d). With non-
target DNA, the peaks showed intensity decreasing and peak broadening
under the half ratio of DNA adding to the FHD condition, which is slow-to-
intermediate exchange behaviors in 50 mM NaCl (Fig. 4e, f). However, they
showed gradual shifts with non-target DNA in 150 mM NaCl (Fig. 4g, h).
This implies that FHD binding to non-target DNA undergoes fast exchange
at high salt concentrations. The previous study showed that the presence of
CR3 changes the exchange rate of non-target DNA-FHD binding™®. Taken
together, we suggest that the presence of CR3 and/or high salt contributes to
the selective DNA binding of FOXO4 by reducing the less-specific elec-
trostatic interaction between FHD and non-target DNA.

Lastly, we investigated whether the non-target DNA can compete with
the target DNA for FHD binding. Two samples were prepared for this
experiment. The first sample was prepared by mixing the target DNA with
FHD, followed by adding non-target DNA (Supplementary Fig. 3a). In the
second sample, FHD was mixed with non-target DNA first, and then target
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Fig. 2 | Results of PRE experiments between MTSL-labeled CR3 and FHD. Plots of
intensity ratio (Iparamagnetic/ diamagnetic) of FHD signals against its residue number are
shown for FHD in complex with CR3 modified with MTSL at C481 a without DNA,
b with target DNA, and ¢ with non-target DNA. Bars corresponding to residues with
significant intensity reductions (Iyaramagnetic/ Idiamagnetic < 0.50) are colored red.
Asterisks (*) indicate residues that broadened out under the influence of MTSL.
Light blue bars indicate unassigned residues.

DNA was added (Supplementary Fig. 3b). The samples were incubated for
more than 18 h at 4 °C, in 50 mM NaCl buffer. Supplementary Fig. 3 shows
that most of the peaks in the presence of both types of DNA were in a similar
position to that of the target DNA-bound form, regardless of the order of
addition. Notably, the target DNA inhibited non-target DNA binding to
FHD, even when the non-target DNA was already bound to FHD. This
indicates that non-target DNA does not effectively compete with target
DNA for FHD binding, suggesting the FHD-target DNA complex is stable.

FHD is more flexible when interacting with non-target DNA

Our PRE and CSP analyses showed that the S2-W1 region of FHD is
sensitive to the salt concentration for the non-target DNA binding and is
involved in CR3 interaction in the presence of non-target DNA. The
C-terminus region (W2) of FHD is also known to be crucial for DNA
binding” and contains several positively charged residues. Because these
regions lack secondary structure, studying their involvement in DNA
interaction is challenging through static complex structures. Also, the
aggregation was monitored in the non-target DNA-FHD mixture, which
hindered further study of the complex structure. In order to compare the
dynamic behavior of the unbound state with the target DNA-bound and
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non-target DNA-bound states, we measured the 'H-"N backbone
dynamics by collecting the °N spin relaxation parameters (heteronuclear
nuclear overhauser effect; hetNOE, spin-lattice relaxation; R;, and
spin—spin relaxation; R,) of each state.

In the unbound state, the N-terminus, W1, and W2 of FHD exhibited
low hetNOE values (<0.6)***', which indicates this region is flexible (Fig. 5a).
Conversely, in the target DNA-bound state (Fig. 5a, left), these regions
showed significantly higher hetNOE values compared to their unbound
state. This observation implies a notable increase in rigidity in these specific
regions upon DNA binding, strongly indicating their critical role in DNA-
binding interactions. In the non-target DNA-bound state, the hetNOE
values for the N-terminus and W2 increased compared to the unbound state
(Fig. 5a, right). However, in the S2-W1 region, the values were similar to the
unbound state or decreased. In general, as with the target DNA results, the
value should increase due to DNA binding, but similar or lower values imply
that these regions are not likely to be involved in binding. This suggests that
the N-terminus and W2 contribute to non-target DNA binding, while
S2-W1 does not play a significant role in this binding process (Fig. 5b, left).

We also noted substantial differences in R; and R, values of the S2-W1
region of FHD depending on the DNA sequence. Specifically, in the
FHD-target DNA complex, the S2-W1 region exhibited an increase in R,
and hetNOE values, along with a decrease in R, values, compared to the
unbound state (Fig. 5, Supplementary Fig. 4, and Table 1). In contrast, for
the FHD-non-target DNA complex, it was observed that the R;, R, and
hetNOE values remained similar to those of the unbound state. This

indicates that the S2-WT1 retains flexibility and dynamic motion despite
being bound to non-target DNA. Consequently, the S2-W1 is a region
exclusively involved in binding to target DNA, consistent with our PRE
results. Furthermore, in the case of the N-terminus and W2, irrespective of
the DNA sequence, it was observed that the hetNOE value of FHD increased
when DNA was present. This suggests that the N-terminus and W2 do not
exhibit sequence specificity towards DNA but are crucial for FHD’s overall
DNA-binding ability.

Additionally, our results show that FHD-DNA complexes exhibit
different levels of rotational correlation time (z.) depending on the DNA
sequence, even when DNA molecules of the same molecular weight are
bound. The FHD-target DNA complex showed a longer t. than the
FHD-non-target DNA complex (Supplementary Table 1). This is attributed
to FHD adopting a rigid complex with target DNA, resulting in a larger
molecular assembly. Conversely, the FHD-non-target DNA complex forms
a relatively less rigid structure, allowing for more separation than the
FHD-target DNA complex. Despite having the same molecular weight as
the FHD-target DNA complex, it exhibits shorter 7.s. These conformational
properties are consistent with the hetNOE average value.

The C-terminus of FHD is essential for non-target DNA binding

As we mentioned previously, the W2 region in the C-terminus contains
positively charged residues, which mediate electrostatic interaction with the
DNA backbone. Because electrostatic interactions are more easily weakened
by high salt, or the presence of CR3, we hypothesized that C-terminus
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Fig. 4 | "N HSQC spectra of FOX04 FHD A107
and V167. "N HSQC spectra of FOXO4 FHD
titrated with target (a-d) and non-target DNA (e-h)
at 0 (red), 0.5 (orange), 1 (green), and 2 (purple)
molar ratio under 50 mM NaCl (a, b, e, f) and

150 mM NaCl (¢, d, g, h) buffer conditions. Peaks of
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truncation would affect DNA binding distinctively depending on the DNA
sequence. To determine the role of the C-terminus region of FHD in DNA
binding, we prepared a C-terminus truncation mutant (FHD_AW?2;95-183
amino acids (a.a.)). First, we compared the "H-""N HSQC spectra of FHD
WT and FHD_AW?2 to verify that truncation of the C-terminus region did
not cause any structural loss in FHD. Most peaks overlapped, confirming
that truncation did not affect the overall structure of FHD (Supplementary
Fig. 5). We performed "H-"*N HSQC titration experiments of FHD_AW2
in the presence of target and non-target DNA under 50 mM or 150 mM
NaCl concentrations. Figure 6a shows the CSP patterns of FHD_AW2 were
similar to those of wild-type FHD (Fig. 3a). Aduygs of FHD_AW?2 with target
DNA were 0.127 and 0.141 ppm under 50 and 150 mM NaCl conditions,
respectively, similar to those of wild-type FHD (Figs. 3a, ¢ and 6a, ).

In the case of non-target DNA titration, the magnitude of CSPs of
FHD_AW?2 was significantly reduced compared to the wild-type (Fig. 6b).
Ab,yes of FHD_AW?2 with non-target DNA were 0.049 ppm under 50 mM
Na(l, about half of FHD wild-type (0.092 ppm) (Fig. 3b). Except for the W2
region, other DNA interfaces were mostly maintained. These data show that
the C-terminus region is unnecessary for target DNA binding. Among the
non-target DNA interface, the S2-W1 region was not perturbed in
FHD_AW?2 (Fig. 6b, d) compared with the CSP results of FHD_AW?2 with
target DNA (Fig. 6a, ¢). It is noteworthy that the S2-W1 region was perturbed
by non-target DNA in wild-type FHD 50 mM NaCl (Fig. 3b). This implies
that the C-terminus of FHD is essential for the non-target DNA interaction,
and it contributes to maintaining the S2-W1 interface with the DNA.

Our monitoring of A107 in H1 and V167 in S2 of FHD_AW?2 with
increasing DNA concentrations is shown in Supplementary Fig. 6. With
target DNA, both peaks showed slow to intermediate exchange regardless of
NaCl concentrations (Supplementary Fig. 6a—d). In the case of non-target
DNA titration, both peaks shifted gradually, even under 50 mM NaCl
concentration (Supplementary Fig. 6e-h). Because the equivalent peaks

showed slow to intermediate exchange under 50 mM NaCl (Fig. 4e, f), it
implies that the C-terminus truncation affects the exchange rate for non-
target DNA at the low salt condition. Taken together, our data demonstrate
that the W2 region, which mediates nonspecific electrostatic interaction
with DNA, contributes more to non-target DNA binding, whereas target
DNA recognition is less affected by blocking the electrostatic interaction
with the high salt or C-terminus deletion.

Discussion

FOXO4 controls cellular balance via specific promoter interactions, and its
dysregulation strongly correlates with multiple cancers, aging-related dis-
eases, and senescence’*"". FOXO4 interacts with both target and non-target
DNA through similar surfaces and binds each with comparable affinity
(Fig. 3a, b, and Supplementary Fig. 7). However, the mechanism by which
FOXO4 distinguishes between target and non-target DNA has not yet been
elucidated. Our NMR investigation of the FOXO4-DNA interaction
showed the possibility of a minor state in the FOXO4-non-target DNA
system. In the presence of non-target DNA, recognition helix H3 was not
affected by CR3, indicating that this region maintained its interaction with
the DNA. Instead, other parts of FHD showed decreased intensities and
apparent 'Hy-T, values (Fig. 2c and Supplementary Fig. 2).

In several TFs, intrinsically disordered regions such as transactivation
domains are mainly composed of negative charges and are known to
accelerate target DNA search by masking the DNA-binding domain™*. This
phenomenon, in which transcription factors such as p53, ETV4, and ERG
regulate their own DNA-binding abilities, is an autoinhibitory
mechanism***. Autoinhibition occurs when another domain within a
protein interacts with the DNA-binding domain (DBD) to prevent DNA
binding. The NTAD of p53, the N- and C-terminal inhibitory domains of
ETV4, and the flanking regions of the ETS domain in ERG factors could
mediate the autoinhibition. FOXO4 is also considered to have an
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Fig. 5| FOXO4 FHD backbone dynamics. a Per residue hetNOE of FOXO4 FHD.
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autoinhibitory mechanism through the CR3-FHD interaction. CR3 is
presumed to accelerate the exchange rate by interfering with FHD inter-
actions with non-target DNA sequences™. Notably, the S2-WT1 region of
FHD exhibits weak interactions with non-target DNA and is exposed to
facilitate CR3 binding. This exposed S2-W1 region likely interacts with
CR3. This region is assumed to be involved in different interaction modes
depending on the DNA sequence. In this regard, CR3-FHD interaction
could be considered to inhibit unnecessary assembly of TF machinery and
contribute to rapid target DNA search. Conversely, when FOXO4 binds to
the target DNA, it is expected that CR3 is completely dissociated from FHD
and able to recruit other TFs and coactivators.

By examining DNA interactions of FHD at high salt conditions, we also
demonstrate that the non-target DNA-FHD interaction is mainly governed
by electrostatic interaction (Fig. 3). For target DNA recognition, specific
DNA bases and the negative phosphate atoms of DNA backbones are
generally involved in the TF binding. However, TFs primarily bind with the
phosphate backbones for non-target DNA contacts*™*. The less-specific
non-target DNA interaction is also monitored by measurement of relaxa-
tion parameters. While the target DNA-bound form of FHD showed

Table 1| Average values of Ry, R,, and hetNOE of S2-W1 region
of FHD: apo, with target DNA, and with non-target DNA

DNA R [s ] R:[s ] hetNOE

No DNA 1.19+0.02 12.47 £0.12 0.69+0.01
Target DNA 0.63+0.02 24.47 +1.10 0.81+0.04
Non-target DNA 0.98+0.01 13.87 £0.72 0.66 +0.04

dramatic changes in average values of R;, R,, and hetNOE, the non-target
DNA-bound form of FHD maintains a similar range of values with the free
FHD (Table 1). It is particularly noticeable in the S2-W1 region, where the
CR3 interface is in the presence of non-target DNA. It suggests that FHD
tends to have a less rigid conformation when interacting with non-target
DNA, and the S2-W1 region specifically contributes to target DNA
recognition of FHD. Also, we identified that the N- and C- terminus of
FOXO4 FHD play a crucial role in interacting with both types of DNAs
based on their hetNOE values, which were significantly elevated upon DNA
binding (Fig. 5). This is consistent with the fact that these regions interact
with the phosphate backbone of DNA from the complex structure and
simulation of FOXO4 FHD and target DNA*>". These intrinsically dis-
ordered regions are believed to contribute to efficient DNA exploration by
promoting brachiation dynamics of intersegment transfer™.

While a previous study showed that loss of W2 (C-terminus) in FHD
affects the target DNA binding*, we found that deletion of the W2 region in
FHD did not significantly change CSP profiles of FHD for target DNA
interaction (Fig. 6). Instead, non-target DNA interactions were severely
reduced by the W2 deletion. Based on these observations, it can be predicted
that the interaction between the negatively charged phosphate of the DNA
backbone and the positively charged residues in the FHD W2 region is
important for non-target DNA binding. Consistent with expectations, our
observation indicates that the W2 region plays a vital role in interacting with
non-target DNA.

To further investigate the role of the W2 region and quantify binding
characteristics, we analyzed K4 and exchange rates of FOXO4 FHD and the
FHD_AW?2 mutant with target and non-target DNA. We performed 2D
lineshape analysis™ on residues A107 and V167 (Supplementary Fig. 8),
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Fig. 6 | Average chemical shift perturbation (Ad,,) of °N-labeled FOXO4

FHD_AW2. Ad,, of FOXO4 FHD_AW?2 titrated at 50 mM NaCl (a, b) or 150 mM
NaCl (¢, d) with target (a, ¢) or non-target DNA (b, d). CSPs were calculated from the
difference between FOX0O4 FHD_AW?2 and DNA ratios of 1:0 and 1:2. Residues with

CSPs > 2 standard deviations larger than average are shown in red or blue, and
residues > 1 standard deviation larger than average are shown in orange or cyan.
Each average + standard deviation is displayed in the upper left corner.

which exhibited distinct peak shifts across varying DNA concentrations, as
shown in Fig. 4 and Supplementary Fig. 6. The disappearance of peaks under
certain conditions led to uncertainty, particularly in Ky estimation (Sup-
plementary Fig. 8). While the quantitative values should be interpreted
cautiously due to these experimental limitations, our findings indicate that
the target DNA-FHD system has a slower off-rate (ko) than the non-target
DNA-FHD system.

Under low salt conditions, both target and non-target DNA displayed
comparable Kys and k.gs for FHD WT. However, the target DNA-FHD
system proved more resilient to high salt conditions and W2 deletion, while
non-target DNA exhibited increased Kys and kg under these conditions.
These findings corroborate that non-target DNA undergoes rapid exchange
in response to high salt conditions and W2 deletion, while target DNA
maintains slow exchange dynamics. Collectively, the 2D lineshape analysis
supports the conclusion that non-target DNA binding to FHD is more
dynamic and less stable than target DNA binding, with the W2 region playing
a critical role in mediating non-target DNA interactions. These characteristics
of different binding dynamics between target and non-target DNA suggest a
mechanism that could facilitate efficient DNA scanning by FOXO4.

TFs scan DNA to reach target gene sequences. For this purpose, most
TFs require a certain level of affinity with non-target DNA. According to the
DNA loop formation theory™, target DNA can be searched more quickly
through the interaction between TFs and non-target DNA. The monkey-bar
theory posits that TFs scan DNA preferentially through charge interactions
between TFs and DNA, preventing it from straying too far from DNA, and

Target DNA Searching

Fig. 7 | Role of FOXO4 as transcription initiator. FHD maintains non-target DNA
contacts via electrostatic interactions through W2 region, while CR3 interacts with
FHD. A more rigid FHD-DNA complex and released CR3 are observed at target
DNA site.

making navigation efficient by using brachiation dynamics™. This aligns
with the findings of this study, suggesting that the binding of non-target
DNA and FHD occurs through electrostatic interactions, increases the
flexibility of the FHD, and accelerates its exchange rate, further facilitating
DNA scanning. This study provides detailed insight into the mechanism by
which FOXO4 recognizes DNA and suggests a model of its role as a tran-
scription initiator (Fig. 7).
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Methods

Sample preparation

The full-length FOXO4 gene was obtained from Addgene (MA, USA). For
the FHD (95-195 a.a.), it was inserted into the pET His6 tobacco etch virus
(TEV) LIC cloning vector (2B-T) (a gift from Scott Gradia; Addgene
plasmid #29666), and for the C-terminus conserved region 3 (469-505 a.a.;
CR3), it was inserted into the pET His6 GST TEV LIC cloning vector
(2G-T) (a gift from Scott Gradia, Addgene plasmid #29707). The
FHD_AW?2 (95-183 a.a.) was constructed by replacing residue 184 of the
FHD vector with a terminal codon. These constructs were then introduced
into E. coli BL21 (DE3) cells. All bacterial cultures were grown in
Luria-Bertani (LB) medium at 37 °C until reaching an optical density of 0.6
at 600 nm. Induction was carried out by adding 0.5 mM IPTG, followed by a
20-h incubation at 18 °C. The proteins produced were purified using Ni-
NTA column chromatography (GE Healthcare, IL, USA) and gel filtration
chromatography using Hi-Load 16/600 Superdex 200 pg (GE Healthcare)
on an AKTA pure system in a 20 mM HEPES, 50 mM NaCl, 1 mM
dithiothreitol (DTT) buffer solution at pH 7.0 and 20 mM HEPES, 150 mM
NaCl, 1 mM DTT buffer solution at pH 7.0. The GST tag was removed from
the proteins using TEV protease. For ’N-labeled samples used in 'H-"N
HSQC experiments, cells were cultured in M9 minimal media with
"*N-labeled NH,Cl. Similarly, *C/**N double-labeled samples were created
using “C-p-glucose and "NH,CL. The protein expression and purification
procedures were consistent with those used for LB-cultured proteins. All
DNA molecules were purchased from Integrated DNA Technologies. The
target DNA (5-GCGTAAACAACGC-3') and non-target DNA (5'-
GTCTGTCAGTCTG-3') were mixed with their complementary strands.
The mixed DN As were denatured at 95 °C for 10 min and then annealed for
l1hat25°C.

Nuclear magnetic resonance experiments

NMR experiments were conducted using 800, 900, and 1200 MHz Bruker
(MA, USA) NMR spectrometers with cryogenic probes located in KBSI
Ochang, as well as a Bruker 600 MHz NMR spectrometer with a prodigy
probe in GIST Gwangju. Experiments, except for physiological salt condi-
tions (150 mM NaCl), were carried out in a buffer solution containing
20 mM HEPES at pH 7.0, 50 mM NaCl, and 1 mM DTT at 25 °C. The data
obtained from NMR experiments were processed using the Topspin soft-
ware from Bruker and analyzed using POKY software™. The amide nitro-
gens and protons of FHD have been assigned previously™. For the "H-""N
HSQC titration experiments, samples without labels were mixed with
labeled samples at progressively increasing concentrations. In competition
experiments, the concentration of DNA was increased while maintaining
the same ratio of FHD and CR3. Ad,,s were calculated using the provided
equation:

Adavg = \/(ASH)” + (AON/5.88)

where Ady and Ady represent the chemical shift changes of the amide
proton and the nitrogen, respectively.

For PRE experiments, CR3 was labeled with MTSL”. The experiment
was conducted with NMR buffer (except the DTT) under conditions where
the ratio of *N-labeled FHD to MTSL-labeled CR3 was 1:1, and the DNA
ratio was 2:1. To obtain the spectrum of the diamagnetic state, a solution
containing 0.5 mM of ascorbic acid from a 250 mM stock was introduced
into the sample. This mixture was then incubated for 3 h at 25 °C before
conducting NMR measurements. To perform PRE measurements, two sets
of 'H-"N HSQC spectra were obtained from the identical sample, one
before and one after reducing the spin-label. The intensities of peaks were
quantified and presented as the ratio of intensities between the oxidized
(Iparamagnetic) and reduced states (Igiamagnetic)- For PRE "Hy-T, measure-
ments, samples comprising the FOXO4 FHD-DNA complex and MTSL-
labeled CR3 were analyzed using two-dimensional 'H-"N correlation
spectra with a 1.2 GHz NMR instrument (KBSI, Ochang). The pulse

sequence was provided by Prof. Iwahara, University of Texas Medical
Branch®. Two-time points with a difference of 10 ms were used. The
"Hn-T, values were then calculated according to the established method™.

"®N relaxation measurements

The "N relaxation measurements were conducted at a temperature of 25 °C
using a Bruker 900 MHz NMR spectrometer with a cryogenic probe (KBSI,
Ochang). The sampling of R, involved employing inversion recovery delays
of 30, 60, 100, 200, 400, 600, 800, 1000, 1200, and 1500 ms. The sampling of
R, involved employing CPMG delays of 16.96, 33.92, 50.88, 67.84, 101.76,
135.68, 169.6, 203.2, 254.4, and 339.2 ms. In the hetNOE experiment, the
saturation period for the proton ('H) was set at 5 s. The acquisition of All
two-dimensional spectra was performed sequentially in matrices of 2048
(*H) x 256 (**N) complex points, with an inter-scan delay of 5 s. Relaxation
rate constants were determined using POKY by fitting the decay of peak
height to a single exponential function as a function of the relaxation delay™.
The hetNOE values were determined by calculating peak height ratios
between pairs of spectra using a POKY script. The 7, was calculated by this

equation™:
1 R,
ro=(— 6-L—7
4nvN R,

where vy is the resonance frequency of °N in Hz. We calculated the 7.s by
considering the commonly available residues (34 residues) in all states and
then averaging the 7. for each residue.

Isothermal titration calorimetry (ITC)

ITC experiments were performed in 20 mM HEPES, 50 mM NaCl, and
1 mM DTT buffer solution at pH 7.0 using a Nano-ITC SV instrument (TA
Instruments, DE, USA). Twenty-four aliquots of 10 pL of 200 uM FHD were
titrated from the syringe into 10 uM target or non-target DNA in the cell at
25 °C. The stirring speed was maintained at 300 rpm, with a 300 s interval
between titrations. Data were analyzed using NanoAnalyze software (TA
Instruments), and the K4 and stoichiometry (N) were determined by fitting
the data to an independent binding model.

2D lineshape analysis of two-state binding

"H-""N HSQC titration spectra were analyzed using TITAN v1.6”. For our
analysis, a two-state binding model was employed to describe the interaction
between the free FOXO4 FHD protein (P) and a DNA ligand (L), repre-
senting either target or non-target DNA, to form the bound state PL:

P+L=PL

TITAN software was used to fit the titration spectra globally, allowing
extraction of key model parameters, including K4 and kg, for both target
and non-target DNA. Four to seven spectra were collected at varying DNA
concentrations. Residues A107 and V167 were selected for analysis based on
their significant chemical shift changes observed during titration.

Data availability

All data that support the findings of this study are available in the article and
Supplementary information. The protein structure from accession codes
3L2C (FOXO4 FHD-DNA complex) was obtained from the PDB at https://
www.rcsb.org/. The assignment is found in Biological Magnetic Resonance
Data Bank (http://www.bmrb.wisc.edu/) with the BMRB accession code
52558. All other data are available from the corresponding author upon
reasonable request.
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