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DNA facilitates heterodimerization between human

transcription factors FoxP1 and FoxP2

by increasing their conformational flexibility
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and Exequiel Medina'-¢7*

SUMMARY

Transcription factors regulate gene expression by binding to DNA. They have
disordered regions and specific DNA-binding domains. Binding to DNA causes
structural changes, including folding and interactions with other molecules. The
FoxP subfamily of transcription factors in humans is unique because they can
form heterotypic interactions without DNA. However, it is unclear how they
form heterodimers and how DNA binding affects their function. We used compu-
tational and experimental methods to study the structural changes in FoxP1's
DNA-binding domain when it forms a heterodimer with FoxP2. We found that
FoxP1 has complex and diverse conformational dynamics, transitioning between
compact and extended states. Surprisingly, DNA binding increases the flexibility
of FoxP1, contrary to the typical folding-upon-binding mechanism. In addition,
we observed a 3-fold increase in the rate of heterodimerization after FoxP1 binds
to DNA. These findings emphasize the importance of structural flexibility in
promoting heterodimerization to form transcriptional complexes.

INTRODUCTION

Transcription factors (TFs) are proteins with large disordered regions'? Click or tap here to enter text.with
specific domains that bind to DNA. Interactions with DNA often promote folding and subsequent homo- or
heterotypic interactions that occur through different association domains.®* Thus, DNA binding is crucial
for TFs to assemble as functional quaternary complexes responsible for gene regulation. However, little is
known about the ability of TFs to adopt homo- and heterotypic complexes in the absence of DNA and how
DNA binding influences their structural dynamics.

One TF subfamily that adopts homo- and heterotypic complexes without interacting with DNA is the human
FoxP, from the Forkhead box of TFs.”? These proteins are crucial in immune, pulmonary, and neurological
development. In addition, different mutations in the FoxP’s DNA-binding domain (FKH) (Figure 1A) resultin
severe diseases.'””"? In addition, brain'*""" and esophagus'® development require FoxP1:FoxP2 heterodi-
merization, whereas their absence or dysregulation results in autism spectrum disorders.'”** These ante-
cedents suggest that human development and homeostasis require heterodimerization among FoxP TFs.

A unique property of the FKH domain of the FoxP subfamily of TFs (FoxP1-4) is that they dimerize via the
three-dimensional domain swapping (3D-DS)?* (Figure 1A). In this association process, two monomers ex-
change portions of their secondary structure content for adopting an intertwined dimer (or oligomer).”~
However, it is unclear if FoxP heterodimers use the 3D-DS mechanism. Nonetheless, all FoxP members
share a high sequence identity (above 75%) in their FKH domains,’® suggesting a high possibility of 3D-
DS heterodimerization, because this mechanism relies on the conservation of intramolecular contacts at
intermolecular fashion (Figure 1A). Moreover, FoxP proteins form heterodimers in vivo and in vitro, even
when they exhibit significant differences in their dimerization equilibria.” %%’
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Figure 1. Structure of FoxP1 and the high-resolution experimental approach to determine its dynamics
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(A) The complete protein’s domains (Trans-Repression -TRD-, Zinc-Finger (ZF), Leucine Zipper (LZ), and Forkhead -FKH-) and the secondary structure of the

FKH (in green) are shown.

(B) Structure of the FKH domain (PDB: 2KIU), showing in orange spheres the non-conserved residues between human FoxP1 and FoxP2 (11,18, 21, 22, 23, 32,
37, and 80). As shown in the topology in (A), most of the FoxP1 and FoxP2 specific residues are located between helices H1 and H2.

(C) Single-molecule Multiparameter Fluorescence Spectroscopy approach to determine the structural dynamics from nano- to milli-seconds using FRET.
Time-correlated Single Photon-Counting (TCSPC) histogram represents all donor-related photons recorded during the experiment to first analyze the FRET

population distribution according to a model at nanoseconds timescales. These photons are also averaged into bursts (milliseconds timescales) and then
represented as two-dimensional FRET efficiency versus donor lifetime in the presence of acceptor ((TD(A))f) (smFRET), to finally analyze their fluctuations

(fFCS) to discriminate microseconds exchange. All strategies inform with each other to increase the robustness of the analysis.”*

present in FoxP1 that favor its association with FoxP2. This is relevant considering that most evolutionary
substitutions between human FoxP proteins are in the N-terminal region (helices H1-H2, Figure 1B),
suggesting that localized changes modify the dissociation properties in this subfamily. However, the het-
erodimerization mechanisms and properties among FoxP TFs, the role of DNA binding on FoxP heterodi-
merization, and the inherent dynamics required to assemble transcriptional complexes remain elusive.

Previously, we characterized the dynamics responsible for the FKH homodimerization in FoxP1 via high-
spatial and temporal resolution toolbox?®?” (Figure 1C). In this approach that combines molecular
dynamics (MD) and single-molecule multiparameter fluorescence spectroscopy (smMFS), we showed the
presence of complex and heterogeneous structural changes in the FKH domain that promote the homo-
typic association.”” We hypothesize that to promote the heterotypic association, this structural feature
should be required. Therefore, the intramolecular behavior of FoxP1 in the heterodimeric complex and
the impact of the DNA must be further explored.

In this work, we characterized the structural and functional properties of the heterotypic association
between the FKH domain of FoxP1 and FoxP2 and the impact of DNA binding, employing the high-spatial
and temporal resolution toolbox?? (Figure 1C). We first determined computationally that the heterodime-
rization is favored by FoxP1 by the presence of specific amino acids, supporting their role as an evolutionary
gate to modulate heterodimerization. smMFS and biochemical assays helped us identify transitions
between a folded state and extended configurations that are predominant in the FoxP1:FoxP2 hetero-
dimer, favoring it 100-fold over FoxP2 homodimerization. Surprisingly, the DNA not only does not promote
the folding but increases the extended state, predicting, computationally, that the binding of DNA with
FoxP1 in the heterodimer mainly evokes structural fluctuations at short timescales in FoxP1 while favoring
heterodimerization.

These findings highlight the importance of structurally flexible complexes and the role of DNA in promot-
ing heterotypic interactions by dynamically modulating local flexibility. This trait could enable FoxP TFs to
act as versatile master gene-expression.

RESULTS
FoxP1:FoxP2 heterodimerization propensity prediction at residue-level

Astriking aspect of the FoxP subfamily of TFs is its ability to form intertwined dimers in the absence of DNA.
Although several studies have demonstrated that the favoring of the dimerization significantly varies for
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Figure 2. CCR simulations to dissect the per-residue dissociation free energy changes (AG**) in FoxP
homodimers

(A) The thermodynamic cycle of the CCR simulations, where the dissociation free energy change (AGY*) is obtained by
first confining both monomers and dimers (AG°™), followed by determining the difference in the free energy between the
confined dimer and monomer (AGNY4). The figure shows the general process either for FoxP1 or FoxP2.

(B) Dissociation free energy change (AG¥**) per residue only in residues that differentiate FoxP1 (in blue) from FoxP2
(orange), showing those that strongly stabilize the monomers (AG¥* < 0) or homodimers (AG¥** > 0) in both proteins and
those stabilizing the dimer only in one protein and thus promote heterodimerization (green quadrants). The secondary
structure topology of the DNA-binding domain shows the residue positions in which FoxP1 and FoxP2 have different
amino acids.

each member of the subfamily,”®?’ these studies do not explain how differences in the sequence identity
of FoxP members could promote homodimerization over heterodimerization or vice versa.

To predict how the residues that differ between FoxP1 and FoxP2 in their FKH could promote heterodime-
rization, we performed CCR (Confine-Convert-Release) simulations® and calculated the dissociation
energy for both FoxP1 and FoxP2 homodimers (Figure 2A). In these simulations, the confinement of a
structural ensemble (monomer and dimer) to its lowest energy state and the calculation of the confined
monomer-dimer transition allows us to extract the dissociation free energy change per residue.***" First,
we built the homodimer of FoxP1 using the crystal structure of FoxP2 (PDB: 2A07, see STAR Methods) as a
template. As a result, for each state (homodimers and monomers), we performed the confinement and then
computed the per-residue free energy difference between the confined dimeric and monomeric states in
the dissociation reaction (AG¥*9) (Figure 2A). Hence, we use the results from these simulations to predict
the relative residue-specific contribution to the dissociation, categorizing them as dimer or monomer sta-
bilizing residues and defining which residue(s) from each protein could selectively stabilize the heterodimer
over the homodimer (Figure 2B). Under this assumption, we defined what residues that stabilize the homo-
dimer in one protein but stabilize the monomer in the other can stabilize the heterodimer (Figure 2B).

Our results indicate that the most significant AG¥** values for both proteins fall in the range of =5 to 5 kcal
mol™" (Table S1), which we interpret as stabilizing either the monomeric (AG¥**< 0) or dimeric state
(AG**>0), respectively. We determined the contribution of specific FoxP1 and FoxP2 residues toward het-
erodimerization by comparing the AG¥** of FoxP1 against FoxP2, identifying those residues that stabilize
the dimer in FoxP1 but not in FoxP2 and vice versa (Figure 2B). Despite the scarce sequence differences
between FoxP1 and FoxP2 in their DNA-binding domain (8%), we observe significant differences in the
energetic contributions of these residues. Three of the eight FoxP1-specific residues stabilize the hetero-
dimer, whereas their homologous residues in FoxP2 mainly stabilize the monomer or the homodimer (Fig-
ure 2B and Table S1). Based on these results, we rationalized that the L18, K23, and M37 are potential het-
erodimer-promoting residues from FoxP1, highlighting that the region of strand S1 is an important
secondary structure element that modulates the heterodimerization ability.

Disordered-like ensembles dominate the FoxP1:FoxP2 heterodimer

Previous reports have shown that FoxP1:FoxP2 heterodimerization occurs.'”*? However, these studies did
not characterize the biophysical properties of protein association by observing the isolated DNA-binding
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Figure 3. Single-molecule Multiparameter Fluorescence Spectroscopy to dissect the structural dynamics of the heterodimer

(A) Positions of the double-cysteine mutants of FoxP1 monomer to label with donor (green circle) or acceptor (red circle) dyes in the context of the
heterodimer (green cartoon; white cartoon is shown only for visualization of each monomer). The DNA-binding regions are shown as orange circles.

(B) sub-ensemble fluorescence decay of both FRET variants (C57-C78 and C18-C78), showing the best fit (worm-like chain model, WLC) in green. In black and

gray, 1 and 2 FRET states are shown as a comparison.

(C) smFRET pattern for both FRET variants (C57-C78 and C18-C78), where the lines explain the WLC behavior (cyan) and the dynamics between compact

(High FRET, HF) and extended (Low FRET, LF) ensembles (red).

domains. We then wanted to describe the structural changes and dynamics of FoxP1 in the heterodimer
with FoxP2, testing first the FoxP1:FoxP2 FKH association.

We used a fluorescent labeled FoxP1 FKH and an unlabeled version of FoxP2 FKH to monitor the associ-
ation kinetics by fluorescence anisotropy. As controls, we performed the same approach but using either an
unlabeled mutant of FoxP1 (A39P), which has been characterized as not forming dimers,”’ or amonomer of
wild-type FoxP1 (wt) freshly isolated by size exclusion chromatography (SEC). Our results showed an
increase in anisotropy when the labeled FoxP1 was combined with unlabeled FoxP1 or, to a lesser extent,
with FoxP2 (Figure S1). These results indicate that this heterotypic association occurs in vitro.

We then wanted to describe the structural dynamics of FoxP1 in the context of the heterodimer, employing
our single-molecule (sm) fluorescence toolbox”’ (Figure 1C). This approach enables the determination of
structural dynamics from nanoseconds (ns) to milliseconds (ms) by combining time-resolved fluorescence
(Time-Correlated single-photon counting, TCSPC), filtered fluorescence correlation spectroscopy (fFCS),
and photon distribution analysis (PDA) (Figure 1C), thus monitoring dynamic processes spanning from
fast and local chain motions to large-scale conformational changes.?®3**

We used the Forster Resonance Energy Transfer (FRET) as a molecular ruler, using double-cysteine variants
of FoxP1 FKH (FRET variants C18-C78 and C57-C78, hereafter) attached with Alexa 488 (A488, donor of
FRET) and Alexa 647 (A647, acceptor of FRET) dyes (Figure 3A). We previously used these positions to char-
acterize the dimeric FoxP1, showing at first that none of these mutations significantly alters the dimerization
properties of the protein.”® The labeling positions were used follow both the structural changes between
regions that are not exchanged (C57-C78) and regions that are exchanged (C18-C78) in the 3DS-DS
dimer’® (Figure 3A). In that configuration, the dynamics between helices H1-H3 and H1-H5 can be analyzed.

Based on the preliminary heterotypic association assay results (Figure S1), all our smFRET measurements
were performed using unlabeled FoxP2 at uM concentration under native conditions and at room temper-
ature to ensure heterodimeric populations, whereas the labeled proteins were maintained at pM concen-
tration (single-molecule conditions). In addition, we corroborated that at least the labeled FRET variants
are in (hetero) dimeric conditions based on their diffusion times relative to monomers, as determined using
FCS (Figure S2). As the total protein concentration of FoxP1 is ~10%-fold lower than FoxP2, the heterodimer
is the most likely state.

We first analyzed the time-resolved fluorescence data (Figure 3B), as the lifetime changes of the donor in
the presence of the acceptor serve as a preliminary approach to define the most likely FRET model distri-
bution of the respective FRET variants. In addition, photophysical artifacts such as PIFE*® and dynamic
quenching can be ruled out, as the lifetime is independent of the intensity-based changes.
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As a previous report showed that the FoxP1 homodimer contains different disordered regions,”® we

considered two different FRET models to fit the lifetime of the donor: (1) the case of a flexible polymer
behavior -Worm-like Chain (WLC)- and (2) the case of a defined Gaussian distribution (supplementary
data analysis). We interpreted the WLC model as a highly heterogeneous conformational ensemble,
whereas the single Gaussian distribution is more restricted and represented as a structured state. The di-
mers of both FRET variants were better fitted to the WLC model (Figure 3B), highlighting the need for a
flexible and heterogeneous ensemble in the intramolecular dynamics of FoxP1.

Next, we analyzed our measurements as two-dimensional histograms based on the intensity-based FRET
efficiency (E) and the average fluorescence lifetime of the donor in the presence of the acceptor ((tp(a))f)
(Figure 3C). Both heterodimers showed High FRET (HF) and Low FRET (LF) populations, although the LF
was significantly more pronounced in the C18-C78 FRET variant (Figure 3C). For both FRET variants, HF
and LF are connected by a broad distribution, strongly suggesting the existence of at least dynamics in
the observation time (milliseconds).

To ascertain in our data the structural heterogeneity of FoxP1, we now analyzed the donor lifetimes in both
HF and LF populations in the heterodimer variants (Table S2), finding that, in all cases, the LF population
was better fitted using the WLC model. Of interest, only the HF population of the C18-C78 FRET variant
was better fitted to a single Gaussian distribution with an average FRET distance of 39 + 4 A (Table 52),
and close to the predicted (42 A)in the domain-swapped structure of FoxP1 28 The low fraction of mole-
cules adopting such stable folded conformation (Figure 3C) indicates that this state is poorly accumulated
in that region.

Of interest, both HF and LF populations in the C57-C78 FRET variant were better fitted to the WLC model,
only differing in their apparent persistence lengths (Table S2). Furthermore, for the case of the LF popula-
tion, the persistence length indicates a long average interdye distance (Table S2), confirming its extended
nature. The determined persistence length calculated for the HF population in the case of the C57-C78
FRET variant suggests the highly flexible but compact nature of the region between helices H3 and H5.
Although we do not have enough assurance to discriminate the correct structural behavior, these results
align with those obtained for FoxP1 homodimers,”® suggesting that an extended ensemble along the chain
is dominant in the heterodimer.

Structural heterogeneity modulation in the heterodimer on DNA binding

Once we established that the FoxP1-FoxP2 heterodimer is dominated by high structural flexibility and het-
erogeneity, we reasoned that the interaction of FoxP1 with DNA could impact its structure and dynamics.
As FoxP1 and FoxP2 show varying affinities to different DNA sequences, we used a specific double-
stranded DNA (dsDNA) that is significantly better recognized by FoxP1 (Figure S3), so we can ensure
that the DNA interacts only with FoxP1 in the heterodimer (Figure 4A).

We repeated the smFRET experiments with excess unlabeled FoxP2, whereas dsDNA was added at con-
centrations to maintain a 1:5 FoxP1: DNA stoichiometry (STAR Methods). The presence of DNA changed
the diffusion time of the dye compared with the experiments in its absence (Figure S2), indicating the for-
mation of the DNA:FoxP1:FoxP2 ternary complex.

When analyzed, both FRET variants maintain the behavior previously observed in the absence of the DNA,
although the smFRET plots show an increased LF population (Figure 4B). Therefore, we repeated the
analysis with our time-resolved fluorescence data on both FRET variants to determine and quantify the
effect of DNA in the model that better represents the heterodimer. Of interest, none of the populations
in both FRET variants changed their behavior compared with the condition in the absence of DNA
(Table S2), suggesting that DNA does not influence the structural heterogeneity of the attributed to the
heterodimer.

However, the presence of DNA increases the relative population of the LF ensemble as probed by both FRET
variants, decreasing the persistence length of the extended ensemble for the C57-C78 FRET variant (Table S2).
This result suggests compaction of the chain (between these labeling sites) at the local level, a transient folding
of the C-terminal region, or a mix of these two. Considering that the DNA interacts with the helix H3 in the FKH
domain,®® this result suggests that the DNA is impacting mainly the binding region of FoxP1.
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Figure 4. Effect of DNA in the structural dynamics of FoxP1 in the heterodimer

(A) The structural configuration of the heterodimer bound to DNA was analyzed by smMFS. The dye configuration is the
same as in Figure 3. The DNA is represented in brown. The DNA-binding regions of the protein are shown as orange
circles. The dimer structure was generated using the dimeric structure of FoxP2 (PDB: 2A07) as template.

(B) The average fluorescence lifetime of the donor in the presence of acceptor ((TD(A)>() patterns for both FRET pairs (C57-
C78 and C18-C78), indicating the behavior in the absence (green) and presence of DNA (brown).

(C) PDA-derived rates of ensembles exchanging in the absence (green) and presence of DNA (brown). Dark color bars
represent the rate transition from the compact to the extended ensemble (kq), whereas light colors represent the reverse
rate (k-1). The analysis was done in triplicate and it is shown with the respective standard deviation.

(D) Analysis of the fFCS data gives three FRET transitions (relaxation time tg) from nano to milliseconds with their
respective amplitude.

To analyze how DNA changed the kinetic connectivity of these HF and LF states of the heterodimer, we
analyzed the equilibrium between the ensembles at fast and slow timescales, dissecting local and signifi-
cant conformational changes in the complex. For slow timescales, we used photon distribution analysis
(PDA),*** assuming a simple two-state equilibrium between compact or native for the case of C18-
C78- (HF) and extended (LF) populations (Figure 4C). PDA is useful to obtain the transition rates (k; and
k1) in the heterodimer equilibrium in the ms timescale.**/

Inthe absence of DNA, both FRET variants showed similar transition rates, favoring the extended ensemble
in both cases but with differences between the rate constants. However, there are interesting local effects
in the heterodimers in the presence of DNA. For example, for the C57-C78 FRET variant, DNA increases k;
by ~2-fold while maintaining k_; unaltered (Figure 4C). At the same time, DNA decreases the HF ensemble
of the C18-C78 FRET variant (Figure 4C), lowering the k_; value by ~3-fold (Figure 4B). These results indicate
that DNA favors the accumulation of the LF ensemble by differentially impacting the dynamics of the het-
erodimer at a local level.

Next, we described the conformational dynamics in the absence and presence of DNA at smaller time-
scales using filtered FCS (fFCS).>****° The ability of fFCS to resolve dynamics at distinct timescales
simultaneously allows us to characterize the conformational energy landscape with respect to distinct
conformational exchange processes, capturing the exchange between the FRET states at sub-diffusion
timescales (ns to ms regime).34'38’40 We combined auto and cross-correlation (Figure S4) between the
dyes to account for photophysical artifacts such as non-fluorescent dark states and determine then the
effective relaxation times (tg) because of changes in FRET.

Using fFCS, we found three relaxation times (tg), from the hundreds of ns (tr+), tens of microseconds, ps (tro),

and low ms (tr3), for both FRET variants in the absence and presence of DNA (Figure 4D, and Table S3). The
observed transitions at the nano and microseconds timescale are hidden in the PDA analysis. In addition,
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Figure 5. Local fluctuations of the heterodimer and homodimer FoxP2 alone or in the presence of DNA
Root mean squared distance fluctuations (RMSF) were calculated for each cluster from the backbone, and CB deviations
of FoxP1 in the heterodimer and FoxP2 in the homodimer along the clusters were obtained from the tICA analysis. Green
(FoxP1) and red (FoxP2) lines represent the RMSF values in free form, whereas yellow (FoxP1) and blue (FoxP2) represent
the RMSF values in the presence of DNA. Each kind of line represents the analysis for a cluster. The secondary structure
content of the FKH domain is shown to locate the positions labeled for our FRET experiments.

we determined the relative contributions of those tg to the global dynamics exchange. The C57-C78 FRET
variant shows transitions primarily at fast (tr1) and slow timescales (tg3), whereas the C18-C78 FRET variant
showed transitions at a similar fraction across all timescales (Figure 4D). These results corroborate the het-
erogeneity in the structure changes in FoxP1 in the heterodimer, spanning from fast and localto slow and
collective structural changes.***%°

Of interest, the presence of DNA decreases the relative contribution to the dynamics in both FRET variants.
Specifically, in both FRET variants, we observed an increase in the contribution of the fast exchange (tg1)
and a decrease in the slowest (tg3) relaxation time, indicating that the flexible and heterogeneous ensemble
is accumulated on DNA binding, being able to rapidly sample different spatial conformations. We also
noted an additional increase in the amplitude of the tg, for the C57-C78 FRET variant. Considering the re-
sults obtained, we hypothesized that high conformational heterogeneity and flexibility dominate FoxP1 in
the heterodimer, and binding to DNA accumulates the expanded and flexible ensemble.

Structural changes across the chain in the FoxP1:FoxP2 heterodimer

A question that remains unanswered is about the collective changes in FoxP1 in the heterodimer and the
effect of binding to DNA. To get a detailed model of the structural changes in the heterodimer, we compu-
tationally characterized the heterodimer alongside the effect of the DNA on its dynamics, using the time-
structure Independent Component Analysis (tICA),*" a powerful method that explores more in detail the
dynamics in proteins than PCA. We generated a model of the heterodimer, altogether with the complex
with the FoxP1-binding DNA sequence, further used as input for explicit solvent MD simulations. Three
500 ns dynamics were generated using either the free model or its complex with DNA as an input. As a com-
parison, we performed FoxP2-FoxP2 free and in complex with its recognized DNA (STAR Methods). These
simulations were analyzed through tICA, using the alpha carbon distances in the fluorophore-bound resi-
dues in FoxP1 (or FoxP2 for the homodimer) and its root mean squared deviation (RMSD) of the atomic po-
sitions to the initial structure as the input features for this method. The resulting clusters (Figure S5) deter-
mined from tICA were analyzed to capture the flexibility pattern of the free and DNA-bound ensembles by
calculating the cluster RMSD (Figures 5, and S5).

After clustering the total production of 1.5 pus for each system into their representative members, three ba-
sins for both the free heterodimer and homodimer were obtained (Figure S5). In the presence of DNA, the
number of clusters in the homodimer of FoxP2 decreased, whereas in the heterodimer increased to four
clusters, suggesting that binding to DNA differently impacts the protein, increasing the number of struc-
tural ensembles in the heterodimer but not in the homodimer (Figure 5). Next, we calculated these clusters’
backbone and sidechain fluctuations (Figures 5, and S5). This analysis shows that overall, the structural het-
erogeneity in the homodimer is higher compared with the heterodimer.

On adding DNA to the simulated systems, an increase in the per-residue fluctuation is observed only for the
heterodimer and localized mostly in the strand S1 and helix H5 (Figure 5). Of interest, these regions are
monitored by the FRET variant C18-C78 (Figures 3 and 4). Finally, it is worth noting that the residues
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Figure 6. FoxP1-FoxP2 heterodimerization analysis via anisotropy kinetics

(A) Titration assays of the single-cysteine mutant FoxP1 (C32-OG488) with unlabeled FoxP2 show the corrected anisotropy
change as a function of time. The unlabeled protein concentrations probed are indicated.

(B) The observed rates (kops) of heterodimerization in the absence (green) and presence (brown) of DNA were plotted
against the concentration of unlabeled FoxP2, suggesting an increase in the association rate (kass) in the presence of DNA.
The experiments were performed in triplicates.

(C) The energy diagram of heterodimerization in the absence of DNA (in green) shows the decrease in the association
barrier in the presence of DNA (in brown).

belonging to helix H3 are mostly unaffected by the presence of the DNA, suggesting that at least that
region does not increase its flexibility. As this helix is mainly contacting the DNA**? (Figures 3 and 4),
the stabilization is probably because of the local stabilization of the DNA. Adding DNA increases the pro-
tein’s overall motions, as it can be assessed from its local flexibility.

Impact of DNA on heterotypic association

All computational and experimental studies indicate that relevant structural rearrangements are adopted
for the heterodimer when bound to DNA. Therefore, we reasoned if the interaction of FoxP1 with DNA
could also impact the kinetic and thermodynamic parameters described for the heterotypic association
with FoxP2, giving some details regarding the biological role of the heterodimer dynamics and the effect
in the heterodimer lifetime.

To determine the functional properties of the heterodimer, we repeated the fluorescence anisotropy-
based dimerization assay by titrating labeled FoxP1 with unlabeled FoxP2 (Figure 6A). Using this
approach, we obtained an equilibrium dissociation constant (Kp) at 37°C and 38 + 3 uM (Table 1). It
is worth noting that although the FoxP1-FoxP2 heterodimer is thermodynamically unfavorable compared
with the FoxP1 homodimer,??® it is still 100-fold more favorable than the FoxP2 homodimer (Kp
~2,000 uM at 20°C).”

We repeated the association between FoxP1 and FoxP2 in the presence of DNA, using the same experi-
mental setup as observed in the heterodimerization kinetics (Figure 6B). We fixed the concentration of
the labeled monomer of FoxP1 and added dsDNA to generate a 1:1 FoxP1:DNA stoichiometry, thus finally
adding different concentrations of unlabeled FoxP2. Compared with the kinetic in the free form, our results
showed that the presence of DNA does not influence the dissociation rate (kqiss) but generated an increase
of ~3-fold in k,s, decreasing then the Ky from 38 pM to 18 uM and indicating that the presence of the DNA
favors the association between FoxP1 and FoxP2 (Table 1). In this scenario, the interaction of one monomer
with its DNA seems sufficient to promote heterotypic protein-protein association by decreasing the asso-
ciation energy barrier (Figure 6C), possibly because of the accumulation of the transiently folded but
extended ensembles.

DISCUSSION

TFs gate access to genes, and many require the presence of DNA to adopt the necessary quaternary
structure for their regulatory function.”**** Contrary to many bZIP TFs,***> FoxP proteins do not require
interacting with DNA to assemble into quaternary complexes. This property is relevant among FoxP
proteins, as they are mutually expressed in different tissues and have been described as heterodimerizing
inside cells.'®?#%¢*" Does DNA influence the function of these complexes by modulating their structural
dynamics? Or does the adoption of the dimeric state before DNA interaction serve a biological purpose?
These questions are complicated by the fact that, for FoxP proteins, the DNA-binding domain is also a
dimerization domain.”®

8 iScience 26, 107228, July 21, 2023
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Table 1. Dissociation properties of the heterodimer in the free form and in the presence of DNA

Condition Kg (LM) Kaiss (min~") Kass (-10%) (M~ "-min™")
Free 38 + 2.1 0.54 + 0.01 14 + 0.8
+DNA 18+ 1.2 0.64 £ 0.03 35+ 1.8

To answer these questions, we used a hybrid approach combining MD simulations, ensemble, and high-
resolution approaches. First, we revealed the structural dynamics of the DNA-binding domain of the
FoxP1 and FoxP2 heterodimer and the constraints imposed on the dimer by the DNA. Our experimental
data show that the most likely physical model that explains the fluorescence information is the equilibrium
between the folded and a highly heterogeneous extended ensemble that accumulates in the presence of
DNA (Figures 3 and 4), similar to what we reported in the homodimer of FoxP1 .?8 Furthermore, this model
needs to be complemented with additional biophysical tools to unequivocally ascertain the structural
behavior of the protein.

Of interest, the residue differences between FoxP1 and FoxP2 that could promote heterodimerization
(LFoxPT1gMFexP2 FoxP13RFexP2 and MFOxP137TFoxP2) are mainly located in the region spanning secondary
elements H1-51-H2, and, considering the heterogeneity behavior described in our tICA analysis (Figure 5),
we hypothesize that these evolutionary substitutions could at least partially stabilize the structural flexibility
of the dimeric chain compared with the same region in FoxP2. For example, the C18-C78 FRET variant is
almost exclusively represented by the extended ensemble (Figure 2), although we observed an HF popu-
lation in the C18-C78 heterodimer with an interdye distance of 39 + 4 A, consistent with a well-structured
region.

Moreover, because helix H1 should be surrounded by secondary structure elements of FoxP2 (Figure 2), we
suggest that FoxP1 is locally stabilizing FoxP2 in the heterodimer, considering the high structural
heterogeneity of the homodimer FoxP2 (Figure 5). However, the C57-C78 FRET variant reports mostly
the C-terminal intrachain dynamics of FoxP1. This FRET variant reveals extended and compact ensembles
(Figures 3 and 4), both consistent with high structural heterogeneity, in line with our previous observations

1,%% and the tICA analysis in both hetero and homodimer (Figure 5).

with the homodimer of FoxP
In addition, both FRET variants exhibit structural dynamics that span fast and slow timescales, with signif-
icant conformational changes that could be associated with ensemble switching.”®"” Considering the
results in Figure 2, the broad distribution of the low FRET population is itself evidence of additional
equilibrium between fully extended and other partially extended ensembles that are only observable
under our fFCS measurements at ps timescales (Figure 4C).

The highly heterogeneous behavior of the heterodimer suggests that the conformational dynamics of
FoxP1 are complex, and that the presence of multiple ensembles could be relevant in modulating the spec-
ificity and/or affinity of the heterodimer for other partners, allowing regulation of the complex'’s lifetime
and, therefore, its repressor role in the cell.

Of interest, our results show that the association between FoxP1 and at least one dsDNA does not result in
folding but instead still favors the extended ensemble (Figures 4B and 4C) and promotes heterodimeriza-
tion by decreasing the energy barrier of association (Figure 4D). The fact that DNA increases the hetero-
geneity only of the heterodimer (as shown in our tICA analysis) highlights the critical role of flexibility in
the dimerization properties among FoxP proteins.

In addition, DNA reduced the apparent persistence length of the C-terminal region, consistent with a possible
shift of the equilibrium between fully and partially extended ensembles sampled in the ps timescale, as sug-
gested by fFCS (Figure 4C). Structurally, helix H3 is crucial for DNA interaction, as observed in FoxP2® and
FoxP3%; because helix H3 directly interacts with the DNA, the reduction of persistence length in this region sug-
gests that the hypothesized partially extended intermediates are now accumulated when DNA is present. Alto-
gether, the presence of one dsDNA does not promote the folding of the heterodimer but shifts the equilibrium
to the partially extended ensembles (Figure 5), highlighting the modulation of the spectrum of protein disor-
der®®®" to facilitate protein-protein association without sacrificing functional versatility.

iScience 26, 107228, July 21, 2023 9
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Figure 7. Structural dynamics of the heterodimer and effect of DNA

The characterized heterodimer of FoxP1 (in green) and FoxP2 (in gray) consists of a dynamic exchange between a
compact ensemble by which the C-terminal (monitored by FRET variant C57-C78), and the N-terminal (monitored by the
C18-C78 FRET variant) adopts the structured conformation (high FRET population in Figure 2) and an extended ensemble
(green box). In addition, partially extended ensembles can be obtained, but their population is too low to be observed in
the free form. The presence of one molecule of DNA that specifically binds to FoxP1 generates an accumulation of the
partially extended ensembles, identified by the decrease of the apparent persistence length in the C-terminal region of
FoxP1 (brown box). The purple box shows the effective compaction of the heterodimer once the quaternary complex is
adopted, as observed in the crystal structure of dimeric FoxP2 and FoxP3.

The formation of the FoxP heterodimer-DNA ternary complex is notably different from the widely described
folding-upon-binding mechanism by which many TFs assemble into protein-DNA complexes®”>? (Fig-
ure 5). Moreover, the structural flexibility of this ternary complex implies an intrinsic ability to be available
to bind another DNA molecule by dynamic anticipation,” continuously targeting different chromosomal
elements without a kinetic "“lock” related to protein folding. This dynamical behavior is an alternative to
the observed monkey bar mechanism by which many proteins recognize DNA.>

Although we experimentally demonstrated the FoxP1:FoxP2 heterodimerization, the dissociation constant
of the heterodimer is significantly lower than the homodimer of FoxP2, and the obtained value suggests
that the homodimerization between monomers of FoxP1 is dominant over the heterodimerization. In
this context, one question that must be answered from our results is how much heterodimers are expected
inside cells and the effective role of the DNA.

The comparison of the heterodimerization in the absence and presence of DNA indicates that the impact is
localized in the monomers' association (Figure 6), which depends on the relative FoxP1:FoxP2 concentra-
tion. For example, cortical regions in the adult brain show higher expression of FoxP2 with respect to
FoxP1,°® and therefore, heterodimerization could be the most likely event in those cells. In addition, the
adoption of a quaternary complex with two DNA molecules could be an effective way to stabilize the het-
erodimeric structure (Figure 7). In this scenario, this dynamic complex could be perturbed by other known
co-transcriptional factors such as NFAT, B-catenin, CtBP1, and others,”’ 7 regulating the repressor effect
on FoxP heterodimers and the formation of transcriptional complexes. For example, FoxP3 and FoxP2 have
been crystallized bound to both DNA and NFAT,®*” suggesting the importance of FoxP scaffolding of tran-
scriptional complexes.

Finally, we postulate that the ability to heterodimerize even in the presence of DNA could diversify the dy-
namic regulatory effect of FoxP TFs by interacting with non-identical DNA segments, as all FoxP members
recognize specific consensus sequences.®*?*“° However, one aspect still unclear corresponds to the struc-
tural dynamics of FoxP2 in the context of the heterodimers and how its properties are affected by the
intrinsic dynamics of FoxP1. Although we demonstrated that the binding of DNA to one monomer
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increases the heterogeneity in the complex, the effect of adopting the quaternary complex is still unclear
and needs to be explored in both homotypic and heterotypic protein association scenarios.

Limitations of the study

This article is based on the in vitro analysis of two proteins that occurs at micromolar concentration. The
main limitation is the contextualization in the biological environment, where the effective concentration
can be significantly lower. We do not discard that additional processes such as multivalent interactions
and possible molecular condensations can assist in overcoming the energy limitation.
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E. coli (DE3)BI21-C41 Our laboratory

Chemicals, peptides, and recombinant proteins

HEPES Sigma-Aldrich Cat#H3375

NaCl Merck Cat#51679

2-mercaptoethanol Sigma-Aldrich Cat#63689

Alexa488-maleimide ThermoFisher Scientific Cat#A10254

Alexab47-maleimide ThermoFisher Scientific Cat#A203347

Oregon Green488-maleimide ThermoFisher Scientific Cat#06034

Oligonucleotides

CAAGGTAAACAAGACAACGTAAACCAA IDT-DNA

Recombinant DNA

pET-TEV-FoxP1(FKH) A modified version of pET-28a N/A

PET-TEV-FoxP2(FKH) A modified version of pET-28a N/A

PET-TEV-FoxP1(FKH)L18C/V78C A modified version of pET-28a N/A

PET-TEV-FoxP1(FKH)S57C/V78C A modified version of pET-28a N/A

pET-TEV-FoxP1(FKH)S57C A modified version of pET-28a N/A

Software and algorithms

Multiparameter fluorescence detection analysis Claus Seidel, HHU

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Exequiel Medina (exequiel.medinago@uchile.cl).

Materials availability

The recombinant constructs developed in this work will be available upon request.

Data and code availability
® This article does not contain any new code.

® All the raw and analyzed data in this work will be shared by the lead contact upon request. This work did
not generate any new accession code for the data.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This work used the bacterial strain E. coli BI21(DE3)-C41, which was grown in Luria-Bertani culture media
at 37°C.

METHOD DETAILS

Protein expression and purification

All FoxP proteins (wild-type and mutants) were expressed in Escherichia coli BI21(DE3)-C41 previously
transformed with the respective plasmids. The purification steps were done and purified as described.”
Briefly, for all proteins, a saturated culture of transformed bacteria supplemented with kanamicyn was
used to inoculate a 1L of terrific broth to grow at 37°C, supplemented with kanamycin, under reaching
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an optical density of 0.9. After that, an overnight induction of the gene expression was inducted with IPTG
(isopropyl-B-D-thiogalactopyranoside), incubating at 25°C.

For the protein purification, the grown media was centrifugated at 6000 rpm for 10 min at 4°C, homogenizi-
ng the pellet with binding buffer (20 mM HEPES pH 7.8, 500 mM NaCl, 30 mM imidazole and 2 mM B-mer-
captoethanol). The cells’ lysis was done by sonication, centrifugated at 18000 rpm for 20 min and the
clarified was loaded onto a Niquel affinity column, eluting then the protein using a 30-500 mM imidazole
gradient. Standard buffer (20 mM HEPES pH 7.8, 20 mM NaCl, 2 mM B-mercaptoethanol) was used prior to
each experiment unless otherwise indicated.

Fluorescence labeling of FoxP1

We prepared FoxP1 constructs where the native cysteine residue (at position 61) was replaced by serine
(C619). Single-cysteine (N32C) or double-cysteine (C57-C78 and C18/C78) mutants were then generated.
Before labeling, all buffers were filtered and degassed. Then, all proteins were prepared for labeling as
described.”® The proteins were first dialyzed to remove the reducing agent and concentrated (~80-
100 puM), and the labeling was performed as follow: for the single labeling, an overnight incubation with
a 5-fold excess of Oregon Green 488 (OG488), whereas all double labeling reactions were performed in
a two-step process: first, a two-hour incubation at room temperature with A488 followed by purification
via cationic exchange chromatography using the Capto HiRes column (Cytiva, Marlborough, MA, USA);
and second, overnight labeling at 4°C with A647 using the freshly purified labeled protein as a template.
Finally, in all cases, excess fluorophore was removed via SEC.

Dimerization kinetics

The N32C mutant of FoxP1 labeled with OG488 (FoxP1 C32-OG488) was used in dimerization kinetics. First,
200 nM of protein was incubated at 37°C to promote the dissociation of all dimeric populations in the
solution. This event was followed by a decrease in anisotropy (data not shown). Then, an aliquot of a freshly
purified monomer of FoxP1, FoxP2, or the A39P mutant of FoxP1 was used for mixing with the equilibrated
labeled protein, followed by anisotropy changes upon dimerization. Different FoxP1 or FoxP2 concentra-
tions were used to determine the kinetic parameters, combined with a standard buffer to maintain the
same final volume in all measurements. Each dimerization reaction was performed in triplicate at 37°C.

DNA binding measurements

A dsDNA (5-CAAGGTAAACAAGACAACGTAAACAA-3') was labeled in its 3’ terminal with FAM dye. For
each titration experiment, 400 nM of this dsDNA was allowed to bind with different concentrations of
unlabeled FoxP1 or FoxP2, ranging from 0-800 nM. All measurements were performed at 37°C and in
triplicate.

Fluorescence measurements

Anisotropy measurements were performed in a Jasco FP-8300 spectrofluorometer (Jasco Corp, Tokyo,
Japan), employing 1 cm path length cells. In dimerization and titration experiments, parallel and perpen-
dicular fluorescent emissions at 525 nm, after excitation at 480 nm, were recorded using labeled protein or
DNA, depending on the experiment. The G factor was determined using free dyes at 1 uM in a standard
buffer to calculate the observed anisotropy in all experiments.

Single-molecule multiparameter fluorescence spectroscopy (smMFS)

All the measurements were done in a home-built confocal system containing a 485-nm and a 640-nm diode
laser (LDH-D-C 485 and LDH-D-C 640 PicoQuant, Germany, operating at 20 MHz in a pulsed interleaved
excitation scheme) exciting freely diffusing labeled molecules that passed through a detection volume
of the 60%, 1.2 NA collar (0.17) corrected Olympus objective. The emitted fluorescence signal was
collected through the same objective and spatially filtered using a 70-um pinhole to define the confocal
detection volume. The signal was divided into parallel and perpendicular components at two different
colors (“green” and “red”) through bandpass filters, HQ 520/35, and HQ 720/150, for green and red,
respectively. A total of four photon-detectors are used, two for green (PMA 40 Hybrid, PicoQuant, Ger-
many) and two for red channels (PMA 50 Hybrid, PicoQuant). A time-correlated single-photon counting
(TCSPC) module 5 (HydraHarp 400, PicoQuant, Germany) with Time-Tagged Time-Resolved (TTTR)
mode and four synchronized input channels were used for data registration.
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For smMFS measurements, homo or heterodimers using the double-labeled mutants were diluted in the
standard buffer to pM concentration in the presence of 10 uM of unlabeled FoxP2, assuring ~1 burst
per second. Those conditions allowed the obtaining of dimers, as corroborated via single-molecule fluo-
rescence correlation measurements. The effect of DNA on heterodimers was analyzed by adding an aliquot
of DNA in all steps to maintain the stoichiometry of 1:1 FoxP1: DNA. For all measurements, we used an oil
immersion liquid with the refraction index of water (Immersol, Carl Zeiss Inc., Thornwood, NY, USA). NUNC
chambers (Lab-Tek, Thermo Scientific) were used with a 500 pL sample volume. Standard controls (Rhoda-
mine 110, Rhodamine 101 and Alexa 647) to determine detection efficiencies were measured.

Fluorescence analysis of smMFS experiments

smMFS experiments were analyzed using Multiparameter Fluorescence Detection (MFD).®" Sub-ensemble
TCSPC® of selected FRET bursts was fitted with the specified exponential decay model to determine the
best one that represents the data (see FRET models). In-house written software used to perform the anal-
ysis can be downloaded from http://www.mpc.hhu.de/software.html and https://github.com/
Fluorescence-Tools.

Filtered fluorescence correlation spectroscopy (fFCS)

fFCS was accomplished by selecting the single-molecule burst to differentiate the fluorescence photons of
the DA-labeled samples from background photons. Then the fluorescence species was auto-correlated
based on the detection spectral window (Green, G, and Red R) to generate four correlation curves
(GgDG?)(tC), G%%A)(tc), G(G%A)(tc), G%%A)(tc)), where the subscripts correspond to the spectral window, and
the superscripts in parenthesis are the labeled species that were observed. These correspond to the color
auto- and cross-correlation function of the FRET labeled samples at single-molecule resolution.

Confinement molecular dynamics (CCR)

To set up these simulations, we used the monomeric structures of FoxP1 (PDB ID: 2KIU) and FoxP2 (PDB ID:
2A07), whereas the dimeric structure of FoxP2 (PDB ID: 2A07) was used as a template to build the dimeric
form of FoxP1 via homology modeling via Modeller,* as previously described.”® These structures were
initially energy minimized using a gradient descent algorithm from the molecular dynamics suite
Amber20,°* and subsequently, energy minimized using the Newton-Raphson algorithm through the
NAB module of Amber until reaching a Arms of 107'2. The objective of this minimization is to reach the
deepest minimum in the conformational space of the proteins so that molecular dynamics biased toward
that microstate are carried out, named Confinement-Conversion Release or CCR.*%" Through 25 different
simulations of 30 ns each, in which a cartesian restraining potential with harmonic form is applied to all the
protein atoms of the simulation so that the motions are increasingly restricted to the global minimum, and
the strength of such harmonic restraining constant kg doubles from 0.000025 to 419 kcal-mol~". These sim-
ulations were run in implicit solvation® in the Amber20 using the CUDA-accelerated PMEMD with the
amber ff19SB force field, alongside the Langevin thermostat and SHAKE for Hydrogens, which allowed
us to run a simulation with a timestep of 2 fs. No periodic boundary conditions were used; hence no cutoff
was used for electrostatics.

Explicit solvent molecular dynamics

Two systems were generated for the conventional molecular dynamics protocols, corresponding to a free
version of the FoxP1-FoxP2 heterodimer and homodimer FoxP2 or their complexes with the respective
DNA ligand. To generate the heterodimer, ColabFold (colabfold.com), an implementation of AF2 in Goo-
gle Colaboratory, was used, considering as input the forkhead (FKH) domains of the human FoxP1 and
FoxP2 proteins and using as a template the PDB70 with the rest as default settings. To generate the pro-
tein:DNA complex, the sequence 5'-CAAGGTAAACAAGACAACGTAAACAA-3' for the heterodimer and
5-AACTATGAAACAAATTTTCCT-3 for the homodimer FoxP2 were modeled as a duplex using NAB
from the Ambre20 suite, and both DNA and the respective dimer were merged through structural compar-
ison with the FoxP2-DNA complex from the PDB ID: 2A07.

To avoid steric clashes resulting from the superposition of DNA and protein, we used RosettaRelax module
from the Rosetta suite, which performs monte-carlo fragment explorations to minimize the sidechain and
slightly readjust the backbone of both protein and DNA. We performed 500 relax protocols using the
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option Relax:thorough, which generates a deep minimization of the system. The best configuration evalu-
ated from the Rosetta score was further used for molecular dynamics.

The systems were solvated in 12 A TIP3P water padding using the force fields ff19SB for protein and OL15
for DNA. Further charges were neutralized by adding counter ions away from the protein using the
addlons2 module from the Amber20 suite. The systems were minimized, and temperature and pressure
equilibrated before a production simulation of 100 ns under NPT ensemble. This relaxation MD was clus-
tered using cpptraj from the Amber20 suite, and the main cluster was used for further production of 3 in-
dependent replicas of 500 ns each.

QUANTIFICATION AND STATISTICAL ANALYSIS

Dimerization kinetics

All the dimerization reactions were fitted into a single exponential curve, where the observed rate repre-
sents a pseudo-first-order reaction, considering that both unlabeled proteins (FoxP1 and FoxP2) are in
excess with respect to the labeled N32C mutant. In that scenario, the true association rate (k) is obtained
from Equation 1 and depends on the concentration of the unlabeled protein used in homo and
heterodimerization:

kobs = (kass . [FOXP]) +kdiss (Equation 1)

This equation also obtains kyiss plotting kops vs. [FOxP]. Finally, assuming a simple two-state model, activa-
tion free energy changes (AG') were calculated using the transition state theory approach.®® In this
approach, the kinetic rate (association and dissociation) can be related to an equilibrium between the
respective state (monomer or dimer) and the transition state. Thermodynamically, the activation free
energy changes (AG') can be calculated from Equation 2:

AG!

diss or ass — R-T-In (Ki)v (Equation 2)
where Kt is the equilibrium constant between native states (monomer or dimer) and the transition state.

Fitting procedures were performed using the software GraphPad Prism 8.0 (www.graphpad.com).

Time-resolved fluorescence analysis

Time-resolved fluorescence decays (F(t)) were described using a multi-exponential model (Equation 3)

From(t) = Z?X; exp (t/rg)A) (Equation 3)

Where 7y is the i-th population fraction, and Tg)A is the fluorescence lifetime of that population. The relation-
ships between lifetime and species averaged lifetime, and with Donor-Acceptor interdye distances have
been reported previously.** Fluorescence decays from heterodimers were analyzed using a single or dou-
ble exponential model, obtaining the respective %2 to compare both models and to choose, using the
F-test criteria, the statistically more robust behavior.

Filtered FCS (fFCS)

To analyze the hydrodynamic properties of heterodimers, each G(GDGA) (tc) was fitted with the model function
(Equation 4) that considers a 3-dimensional Gaussian confocal volume to identify the characteristic time of
diffusion tp.

1 . |
1+<E>2L (1 — |d| + |dlexp (—%)> +B (Equation 4)
z/ TpZ

Where N is the average number of particles in the confocal volume, w and z are the axes for the geometrical
volume, and 7p = j;i, where D is the characteristic diffusion constant.

Fitting of correlation curves was performed using Chisurf software. Error analyses of parameters for cross-

correlation fits was performed by evaluating the chi-squared surface corresponding to the variation of each
fit parameter. The error range was determined by using the F-test to compare the chi-squared values

18 iScience 26, 107228, July 21, 2023

iScience


http://www.graphpad.com

iScience

sampled from the chi-squared distribution to the presented fit and identifying the parameter range corre-
sponding to a confidence interval of 2c.

The auto and cross-correlated signals were fitted to Equations 5 and 6:

TL

N(1+i) 1l
™ S°Tp (Equation 5)

+ Z?: A exp (*Til) - Ai) (1 + Ap exp (* TLP) — AP)

1 3 t
CCHF—1rLF—HR) (t) = B+N<t)—t (1 - ACCZ;: 1Ai exp(—;))

1 t
ACHF - HeLF- LR () = B+ : <1 + AL exp (——) — A

1+g 1+% (Equation 6)

(o)) o) )

Where B is the baseline value of each curve, S is the geometrical volume, 7; and A; are the anticorrelation
time and its amplitude, and Acc corresponds to the cross-correlation amplitude term. Photophysical terms
for are described by 7p and Ap, which correspond to times and its amplitude, respectively. Any longer
exchange and/or bleaching term is contained in 7, and its related amplitude A,. Fitting of correlation
curves was performed using Chisurf software.

Photon distribution analysis (PDA)

We used Probability Distribution Analysis (PDA)***’*” to model the Efficiency (E) distributions and identify
mean FRET distances ((Rpa)e) and their corresponding uncertainties. To properly account for the hetero-
geneity in the duration of bursts, bursts are split into equal time windows per burst with multiple time
window sizes (At = 1, 3 and 5 ms), and the FRET indicator E histogram is obtained for each time window
size. We globally fit all time windows with different models that vary in increasing level of complexity
and the best model is selected based on the global figure of merit x? and statistical uncertainties (see "sta-
tistical uncertainties and error analysis" section). A static model considering one and two states was not
enough to fully describe the E histograms at these time windows. For details on the models used in
each data analysis see "FRET models" section.

Molecular dynamics simulations

To analyze CCR simulations, we used a mathematical approach already described by us®' and initially by
others.*““® Briefly, this approach solves thermodynamic integration for the Confinement and Release
step of the free-energy calculation, where the Release step is simply the negative of the Confinement
step (Equation 7):

ko1 (Xikin — xiki)
ki In(xiq) — In (Xr')+1

|n(k,'+1) —In (k,)
In this equation, k; is the i-th restraining constant starting from k; = 0.000025 kcal mol™', and ks is the last
restraining constant 419 kcal-mol~", and N corresponds to the total number of atoms in the system. This
analysis only requires calculating the RMSD from the simulations, which decreases non monotonically
for increasing restraining constraints. This calculation is done for each system, namely FoxP1 dimer,
FoxP1 monomer, FoxP2 dimer and FoxP2 monomer. Then each corresponding system is summed corre-
spondingly. Meanwhile, the conversion or transformation step is also calculated using the deeply en-
ergy-minimized structure obtained previously for each system and calculating its atomic frequencies using
normal mode analysis (NMA) through NAB in Amber. Then each frequency is used as input for solving the
Equation 8:

AGeonf = :where x = (N-RMSD?) (Equation 7)

AGuo = AE — kTS “In (;) (Equation 8)
= 2
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With v being the i-th non-zero frequency calculated from NMA, 4E corresponding to the potential energy
difference between configurations 2 and 1, and kT is the Boltzmann factor at 298.15 K. This calculation
allows to determine the free energy of Conversion from state A to B by only comparing their relative
frequencies, derived from the Harmonic Oscillator or HO approach. The same approach was used to esti-
mate the per-residue free-energies, considering the fluctuations of each residue instead of the whole
structure.

Finally, to estimate the errors in the free-energy calculations, we divided each simulation into 5 equal
blocks, and calculated 4G as per Equation 8, but using the i-th block instead of the whole simulation for
each k;value. Then, the standard deviation of the calculated 4G from each block was propagated through
the whole range of k;.

Time-structure based independent component analysis (TICA) and clustering

Markov models were generated with the PyEMMA and DeepTime Python Library version 2.5.11 and 0.4.3
respectively.®” For each simulated system, we combined the three five hundred nanosecond classical MD
trajectories. As features for the subsequent analysis, we chose the internal coordinates of the residues used
inthe FRET pairs. Then we performed time-lagged independent component analysis (TICA) of the featured
trajectories with a lag time of 50 frames equivalent to 250 ps. For each system, with and without DNA, we
constructed a three and four-state Markov chain model respectively, resampled structures probabilistically
from each metastable state, computed the stationary distribution for each metastable state. Distance dis-
tributions for the FRET pairs were estimated using the samples drawn from each metastable state.

Statistical uncertainties and error analysis

To determine the statistical uncertainties of the different model functions and resulted fit parameters for
PDA, time-resolved fluorescence and fFCS, we employed a search algorithm over the figure of merit x?
against all varying parameters considering the number of degrees of freedom (v) and the number of free
parameter for each model, as described by us in previous reports.?®***® We use the statistical test of
the F-distribution with a 95% (P = 2¢) confidence interval to define the upper and lower limits for each
parameter with respect to the x? surface.

FRET models

To better understand the properties of the heterodimer at nanoseconds timescale, we considered the
Worm-Like Chain (WLC) model, that describes how a dynamic population that exhibits WLC dynamics
would diverge from the static FRET line, considering the effects of fluorophore linker dynamics on the
observed FRET efficiency.”” In this model, the fluorophores are coupled to the protein by a flexible linker,
and thus, show Gaussian chain like characteristics. We describe the spatial probability distributions of the
dyes by 3-dimensional Gaussians p(RL, Rpa) between the donor and the acceptor for a single conformation
with a separation distance RL, as nicely described by.”"?
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