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SUMMARY

Transcription factors (TFs) regulate gene expression by binding to spe-
cificDNAsequences andgatingaccess togenes.Evenwhen thebinding
of TFs and their cofactors to DNA is reversible, indicating a reversible
control of gene expression, there is little knowledge about themolecu-
lar effect DNA has on TFs. Using single-molecule multiparameter fluo-
rescence spectroscopy, molecular dynamics simulations, and biochem-
ical assays, we find that the monomeric form of the forkhead (FKH)
domain of the human FoxP1 behaves as a disordered protein and in-
creases its folded population when it dimerizes. Notably, DNA binding
promotes a disordered FKH dimer bound to DNA, negatively control-
ling the stability of the dimeric FoxP1:DNA complex. The DNA-medi-
ated reversible regulation on FKH dimers suggests that FoxP1-depen-
dent gene suppression is unstable, and it must require the presence
of other dimerization domains or cofactors to revert the negative
impact exerted by the DNA.
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INTRODUCTION

Transcription factors (TFs) are vital proteins that regulate transcription by controlling ac-

cess toDNAdependingon changes in the 3D structure of the genome.1–3Generally, TFs

bind specificDNA sequences promoting the structural stability of the TF:DNAcomplex.4

Cofactors and other TF machinery regulate TF function via homotypic and hetero-

typic interactions including the basic-helix-loop-helix motifs,5 leucine zippers,6

and Zn2+ fingers domains.7–9 Moreover, TF binding to DNA sometimes promotes

sequential homotypic or heterotypic TF interactions,10,11 as in the case of pioneer

TFs,12 and often this leads to dimerization of TFs in complex with DNA.13 As a result,

gene regulation is frequently portrayed as a unidirectional action of TFs on DNA

following the reaction: TF + DNA / TF:DNA / TF:TF:DNA / function,14 where

the function results in gene activation or suppression (Figure 1A).

Evidently, the reversibility of the reaction limits the duration and action of transcrip-

tional complexes. Although multiple models have demonstrated the involvement of

regulators in the on/off switch of the complex formation,15 the exploration into the

stability of the transcriptional complex bound to DNA remains limited. This includes

investigating the reverse order of the reaction (function / TF:TF:DNA / TF:DNA

/ TF + DNA) and understanding the active role of DNA as an integral component

of gene regulation, aspects that have not been extensively explored.

To study the role of DNA in the reversible reaction, we use the P subfamily of Fox

TFs16 (FoxP) as a model system. FoxP TFs contain a leucine zipper domain (LZ) that
Cell Reports Physical Science 5, 101854, March 20, 2024 ª 2024 The Authors.
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Figure 1. Insights on the molecular mechanism of the transcription factor (TF):DNA regulation of the FKH domain in FoxP1

(A) Schematics of the known mechanism by which TFs perform their function (unidirectional in black arrows), showing in red arrows the unknown

molecular processes that must occur to turn off the function and dissemble the transcription complex, highlighting the unsolved question about how

the structural changes adopted by the transcriptional complex can regulate its function. Generally, the binding of the monomer to the DNA promotes

the binding of another monomer to the same site. However, FoxP proteins associate with different symmetry, where each monomer can bind a different

DNA molecule (not shown in this model for simplicity).

(B) Domain organization of human FoxP proteins. All human FoxP proteins contain a forkhead (FKH), a leucine zipper (LZ), a Zinc Finger, and a trans-

repressor (TRD) domain. The secondary structure of the forkhead domain (FKH) in the monomeric and its 3D-DS dimer form are shown as blocks and

arrows where H stands for a-Helix and S for b-Strand. The yellow circles represent the DNA-binding regions of the protein. The disorder prediction

server PONDR68 is also shown for the FKH domain.

(C) Three-dimensional structure of the monomer and 3D-DS dimer of FoxP1, indicating the different TF:DNA complexes (monomer:DNA and 3D-

DS:DNA, DNA in brown). We study these conditions with single-molecule multiparameter fluorescence spectroscopy (smMFS) and present the open

question that leads to the reversible process.

(D) smMFS allows us to determine the structural dynamics of the FKH domain in its monomeric and dimeric forms and when interacting with DNA. Time-

resolved fluorescence (time-correlated single-photon counting, TCSPC) provides information about the heterogeneity of FRET-derived distance

distribution within populations in single-molecule FRET (smFRET) multidimensional histograms. Fluctuation analysis (filtered FCS) helps derive the

temporal indication of the changes in FRET. Single-molecule fluorescence anisotropy (smFA) allows the determination of local flexibility changes.
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is involved in association with bZIP proteins and shares a highly conserved forkhead-

box DNA-binding domain (FKH) (Figure 1B) required for DNA binding. The FKH

domain dimerizes in the absence and presence of DNA three-dimensional domain

swapping (3D-DS) via an in route disordered like intermediate state,17 behaving

differently from the canonical TFs where the monomers do not independently bind

to DNAmotifs or like the widely DNA-mediated dimerization via folding-upon-bind-

ing by which TFs adopt a ternary active complex with the cognate DNA.

As the 3D-DS dimer contains an intertwined structure (Figure 1B), each monomer is

allowed to contact distant regions of the DNA, forming quaternary (2TFs:2DNA) as-

semblies18 (Figure 1C). Previously, we described that the FKH domain of FoxP1

assemblies in 3D-DS dimers is facilitated by intrinsically disordered regions (Fig-

ure 1B), highlighting the importance of structural disorder as a dimerization pro-

moter.17 Moreover, knowing that the FKH domain is highly conserved among

FoxP proteins, we showed that DNA promotes heterodimerization by increasing

the conformational flexibility within the FKH domain.19
2 Cell Reports Physical Science 5, 101854, March 20, 2024
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Considering that the FKH domain can bind DNA as a monomer and as a dimer,20–23

we explore two functional unsolved questions regarding the presence of the DNA:

(1) What structural rearrangements occur in the monomer and the dimer in the pres-

ence of the DNA? (2) How does the DNA impact the dimerization equilibrium? (Fig-

ure 1C). These questions are not trivial, as different dimerization-affecting mutations

on the FKH domain20,24–28 have been related to immune and intellectual dysfunc-

tion, suggesting that the active form of the protein is the dimer.

Using the FKH domain of the human FoxP1 TF and a combination of experimental

and computational methods, we characterized how the monomeric and the dimeric

forms of the FKH domain behave in the absence and presence of DNA. By employing

single-molecule multiparameter fluorescence spectroscopy (smMFS) (Figure 1D)

and molecular dynamics simulations, we monitored the local and global structural

changes of the FKH. Further, we used ensemble biochemical assays to evaluate

the effect of DNA in the dimerization. We identified that DNA binding promotes a

disordered fuzzy-like FKH dimer, likely directly impacting the dimer-dependent

gene suppression function of FoxP proteins. The negative feedback mechanism

over the FKH dimerization introduces DNA as a crucial cofactor for gene regulation.

Instead of the conventional "folding-upon-binding" model, where the active

TF:DNA complex is structurally stabilized, DNA binding destabilizes the protein.

Our findings point to a DNA-mediated allostery that provides a DNA-mediated

reversible (TF:DNA#TF:TF:DNA#function) gene regulatory function.

RESULTS

The monomeric state of FoxP1’s FKH domain exchanges between folded and

disordered states

To investigate the structure and dynamics of the unknown FoxP1 monomer solution,

we employed Förster resonance energy transfer (FRET).29 FRET allowed us to pre-

cisely measure distances and dynamics between donor and acceptor fluoro-

phores.30,31 Specifically, we utilized two FRET-labeled double-cysteine variants:

S57C/V78C (referred to as C57-C78) and L18C/V78C (referred to as C18-C78)17 (Fig-

ure 2A). The C18-C78 variant provided insights into the backbone opening required

in adopting the 3D-DS dimer. On the other hand, the C57-C78 variant enabled us to

observe structural changes in the DNA-interacting helix H3. Both FRET variants were

labeled with Alexa 488 (donor, D) and Alexa 647 (acceptor, A), and their measure-

ments were conducted in the monomeric state using the procedures outlined in

the materials and methods section.

For each variant, we first analyzed the donor’s lifetimes in the presence of the

acceptor, as the changes in the lifetime is an indicator of FRET.32,33 We found that

all variants were successfully fitted to two FRET states (Table S1). With this informa-

tion, we compared the intensity-based FRET efficiency, E, and the donor’s average

lifetime in the presence of the acceptor (CtDðAÞDf ) for each single molecule, gener-

ating a two-dimensional single-molecule (sm-2D) counting histograms (Figure 2B

and Table S2). The sm-2D over these observables (1) allows us to determine D-A dis-

tances, (2) allows us to detect the presence of observable dynamics during the

observation of the molecules, and (3) can discriminate models, e.g., by comparing

FRET lines to experiments. This way, sm-2D histograms can reveal the kinetic con-

nectivity of states with different FRET levels.34,35 We have successfully applied this

approach to multiple systems.17,36,37

Both FRET variants showed a predominant population around FRET efficiencies of

0.1–0.2, which we defined as low FRET (LF). Although, the C57-C78 showed an
Cell Reports Physical Science 5, 101854, March 20, 2024 3



Figure 2. Structural dynamics of the monomeric and dimer FoxP1 FKH

(A) Topology of the FKH domain showing different secondary structure elements (rectangles represent a-helices and arrows b-sheets), the position of

the different labeling reactions (C18, C57 years C78), and the region that specifically binds the DNA.

(B) Single-molecule multiparameter fluorescence spectroscopy sm-2D histograms of the FRET efficiency and the average fluorescence lifetime of the

donor in the presence of acceptor CtDðAÞDf for the monomer variants C57-C78 and C18-C78. Each FRET state was determined in terms of the donor’s

lifetimes in the presence of the acceptor and shown as a filled circle (HF in dark gray circle, LF in light gray circle). The representative structure for the HF

state with the monitored region by the FRET pair (donor, green; acceptor, red) is shown. The three physical FRET models (static, WLC, and dynamic) are

represented as lines in the sm-2D. Correction parameters are found in Table S2.

(C) Changes in the radius of gyration (Rg) as a function of the temperature for the FKH domain of FoxP1 obtained from replica exchange discrete

molecule dynamics (rxDMD) simulations. The potential mean force plot of the Rg vs. a-helix content was obtained at 300 K, showing the representative

structures for the folded and disordered monomer.

(D) The sm-2D plots for the same FRET variants as in (A) but in dimeric conditions. The dimer was obtained by incubating the labeled monomer with a

saturating concentration of the unlabeled monomer. The lines and FRET states are indicated as in (A). The representative dimeric structure of the HF

state is shown.

(E) sm-2D plots for the fluorescence anisotropy analysis of the monomer and dimer variants C18, C57, and C78, indicating the Perrin line of high (in dark

gray, folded) and low (in light gray, disordered) populations, in accordance with the lifetime fit (material and methods). The respective populations

predicted by PDA analysis are shown at the time window of 3 ms. According to the fit to a dynamic two-state equilibrium (material and methods), the

dynamic line (in orange) and the relative contribution of each state (Rigid, folded; Flexible, disordered) is shown for all variants.
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additional population with an FRET efficiency of �0.85, defined as high FRET (HF)

(Figure 2B). These populations coincide with the lifetime-based FRET analysis of

the molecules; therefore, we refer to them as HF and LF. The D-A distance extracted

from this high FRET value (�38 Å) is similar to that expected in the folded monomer

(Figure S1). Therefore, the lack of an HF population in the C18-C78 variant could

indicate the absence of the folded state or a fast folded to disordered transition.

To explore these possibilities, we plotted the FRET efficiency against the observa-

tion time (Figure S2). For short observation times, we found broad FRET efficiency
4 Cell Reports Physical Science 5, 101854, March 20, 2024
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distributions reaching the HF state. For long observation times, we mainly observed

low FRET efficiencies. This observation indicates that C18-C78 HF and LF are in fast

exchange compared with the observation time, i.e., the diffusion time. The LF pop-

ulation has a long D-A distance. Thus, LF can be interpreted as an expanded and

likely disordered chain. These observations are consistent with the previously found

disordered intermediate on the 3D-DS dimerization pathway.17,24

To compare and discriminate which FRET models best describe our observations,

we computed FRET lines (Figure 2A, material and methods). An FRET line is a para-

metric relationship between FRET observables computed by varying model param-

eters.34,35 We first compute the static FRET line (red line in Figure 2B) that describes

molecules not undergoing conformational changes. The 2D histograms do not

match this model. Thus, single molecules must change their FRET state while

observed.34,35 We also considered the case of a disordered population, testing

the data to a worm-like chain (WLC) line that depicts the FRET variation just as the

flexibility changes in a disordered chain (black line).34,35 The LF population is located

on the WLC line, although the WLC line does not track the high FRET population.

Finally, we added an FRET line describing a dynamic exchange between the HF

and disordered (LF) states (Figure 2B, orange line). This line nicely follows the exper-

imental data, supporting that the monomeric FKH is in dynamic equilibrium between

a folded state and an extended disordered ensemble on the duration of a single-

molecule event.

Since the fluorescence data suggested that most of the monomeric FKH molecules

in FoxP1 behave as disordered, we used replica exchange discrete molecular dy-

namic (rxDMD, details in material and methods) simulations over a temperature

range of 280–370 K (Figure 2C) as a tool to explore this behavior in detail. rxDMD

is known for its ability to sample the conformational energy landscape, including

predicting order-to-disorder transitions, folding, and other relevant structural dy-

namics phenomena, as demonstrated in previous studies.38–40

Toassess the structural behaviorof themonomer,wecomputed thepotentialmean force

asa functionof the radiusofgyration (Rg) and thea-helical content ofFKH (Figure2C).We

chose 300 K (Figure 2C) because this temperature is lower than the computed Tm (Fig-

ure 2C). Our simulations revealed that the FKH domain has no defined energyminimum

corresponding to its native fold. Instead, it can populate a continuum of configurations

from folded (containing the expected a-helical content) to disordered states with low

a-helical content. Furthermore, we observed that the loss of a-helix content does not

result in significant changes in the Rg until the protein reaches an extended unfolded

state, by which the Rg value was �45 Å (Figure 2C).

We then compared the information obtained from rxDMDwith the WLCmodel used

to describe the LF population of the monomers in the sm-2D graphs, considering the

respective equation to extract the Rg from the lifetime FRET-derived analysis41 (ma-

terial and methods), in accordance with that described in Hofmann et al.42 The

values of Rg computed were 42 and 53 Å for the C57-C78 and C18-C78, respectively

(Table S2), which includes the length of the dyes. Additionally, we used the

CALVADOS2 server43,44 to compute the Rg of both FRET variants considering

them as disordered chains. The value computed for the C57-C78 region was 13 Å,

whereas for the region C18-C78 was 45 Å. We had a good agreement between

FRET-derived and the predicted Rg for the region C18-C78, but the FRET-derived

Rg of the C57-C78 region is significantly higher than the predicted one. However,

this is still possible considering the extended chain length (LC ) (Table S3).
Cell Reports Physical Science 5, 101854, March 20, 2024 5



ll
OPEN ACCESS Article
Overall, the combination of experimental and computational evidence suggests that

the monomeric FKH domain actively explores multiple disordered configurations

even at physiological temperatures, corroborating its propensity for disorder.17
A cooperative stabilization of the FKHdomain via dimerization through 3D-DS

After characterizing the disordered nature of the monomeric FKH, we sought to

investigate the impact of 3D-DS dimerization on the structural dynamics of the

FKH domain. To this end, we prepared dimers using pM concentration of FRET-

labeled samples (C18-C78 or C57-C78) saturated with 500 nM of unlabeled wild-

type (WT) protein. By adding excess of unlabeled WT protein and considering the

dissociation constant determined for each single-cysteine variant,17 we ensured

the accumulation of dimeric species containing only one labeled monomer (C18-

C78 or C57-C78) (Figure 2D and Figure S3). We repeated the measurements and

data processing described for monomers (Figure 2B) and observed that the dimers

also exhibited a dynamic equilibrium between the folded and disordered ensembles

(Figure 2D). However, the dimers displayed a significantly higher proportion of the

folded population (high FRET values) than the monomers (Figures 2A and 2C).

We wanted to determine if the stabilizing effect of dimerization is cooperative

despite observing significant differences in the FRET distributions among the two

variants (Figure 2D). Thus, we used single-molecule fluorescence anisotropy

(smFA) as a screening approach to monitor the single-cysteine variants evaluated

in FRET experiments (C18, C57, and C78). For smFA, we labeled the proteins with

BODIPY FL, as this dye is closer to the protein’s backbone and, therefore, more sen-

sitive to the local flexibility of the backbone compared with the Alexa dyes.37,41,45 In

smFA, we excited single molecules using polarized excitation and collected the fluo-

rescence emission into parallel and perpendicular polarized detectors. We then

analyzed the fluorescence decay from each single-molecule event to obtain the

average lifetimes and fluorescence anisotropies (Figure 2E and Table S4).

From the fluorescence anisotropy decays, we considered two different states with their

corresponding rotational correlation times (r) (See data analysis). We successfully fitted

all samples with this model (Table S3), finding a fraction with a low average anisotropy

(rG) between�0.02–0.06 (high flexibility) and a high rG between�0.1–0.3 (low flexibility)

(Figure 2E and Figure S4). Moreover, the measured samples displayed broad distribu-

tions between the calculated anisotropy lines, although in general the low anisotropy

populations seem to be more favored. We interpreted this behavior as a dynamic ex-

changebetween conformations. This isbestdescribedby the theoretical dynamic anisot-

ropy line computed (orange line in Figure 2E, material and methods).

We later investigated if the low and high flexibility populations in the monomer are

effectively displaying dynamic exchange along the observation time. To determine

the kinetics, we analyzed the intensity-based anisotropy using a two-state rigid-flex-

ible equilibrium, resolving the dynamics at timescales comparable to the diffusion

time by employing the probability distribution analysis (PDA) algorithm.46–48 All

anisotropy distributions showed better c2
r values when globally fitting all time win-

dows with a kinetic model (Table S5), corroborating the visual inspection (Figure 2E).

When examining the monomer, we observed that helices H3 (C57) and H5 (C78)

display a high fraction of low anisotropy or high backbone flexibility, while the helix

H1 (C18) behaved more rigidly with higher anisotropy (Figure 2E). Upon dimeriza-

tion, the populations are still better fitted when including dynamics (Table S5), but
6 Cell Reports Physical Science 5, 101854, March 20, 2024



Figure 3. Structural dynamics of the monomeric and dimer FoxP1 FKH in the presence of DNA

(A and B) Single-molecule multiparameter fluorescence spectroscopy sm-2D histograms of the FRET efficiency and the average fluorescence lifetime of

the donor in the presence of acceptor CtDðAÞDf for the monomer (A) and the dimer (B) FRET variants. The DNA used was 1.5-fold higher than the total

protein in each scenario (monomer: �pM labeled protein+100 nM unlabeled protein; dimer: �pM labeled protein+500 nM unlabeled protein). Each

FRET state is shown as a filled circle (HF in dark gray circle, LF in light gray circle). The representative structure for the HF state with the monitored region

by the FRET pair (donor, green; acceptor, red) is shown. The three physical FRET models (static, WLC, and dynamic) are represented as lines in the sm-

2D. Correction parameters are found in Table S2. The FRET efficiency of the free protein is shown for comparison.

(C and D) Determination of the dynamic transitions between low and high FRET species using filtered FCS (fFCS) for the monomers (C) and dimers (D).

Each loss of amplitude in the respective species cross-correlation (sCC) vs. correlation time is related to an FRET exchange. For each FRET variant in the

absence (green) and presence (yellow) of DNA, different conformational transitions are described by specific relaxation time (tR). From the cross-

correlation curves, the amplitude of each tR component is extracted (material and methods).

(E and F) Difference between the flexible contribution in the variants C18, C57, and C78 in the monomer (E) and dimer (F) in the presence and absence of

DNA (Dflexible = presence-absence of DNA). A higher Dflexible, a higher increase in backbone’s flexibility.
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with a global increase in the backbone rigidity, supporting the idea that the 3D-DS

leads to a cooperative accumulation of the folded state of the protein.

DNA binding differentially perturbs the monomeric and dimeric states of the

FKH domain

To understand the impact of DNA binding on the monomeric and dimeric states of the

FKH domain, we repeated the single-molecule experiments using the FRET variants

C57-C78 and C18-C78 in the presence of DNA. We first established the conditions in

which DNA binds to the monomeric and dimeric states of the FRET variants (Figure S3).

Next, we examined the FRET variants bound to DNA in their monomeric state. We

observed an increase in the HF population (Figure 3A) compared to when it is unbound.

This effect wasmorepronounced in theC57-C78 variant than in theC18-C78 variant (Fig-

ure 3A). Comparing the static, WLC, and dynamic FRET models described by the red,

black, and orange lines revealed that the folded and disordered states are in dynamic

equilibrium.

Oppositely, the presence of the DNA decreases the HF population in the dimer of

the FRET variants compared with its unbound form. We observed an increase in

the LF populations (Figure 3B). This observation indicates that DNA stabilizes the

folded monomer but destabilizes the 3D-DS dimer.
Cell Reports Physical Science 5, 101854, March 20, 2024 7
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Next, we investigated the effect of DNA on the dynamic equilibrium between the

folded and disordered states of both monomeric and dimeric FRET variants. First,

we used the burst variance analysis (BVA)49 to determine the heterogeneity of the

FRET populations, comparing the excess variance of the FRET efficiency (S2) seg-

ments of different m-photon numbers (see materials and methods). To compare

the FRET variants, we computed the excess of the variance up to the timescale com-

parable to the diffusion time.

In both the absence and presence of DNA, both the monomer and dimer exhibit sig-

nificant variability among the FRET populations, as depicted in Figures S5 and S6.

This variability supports the notion of heterogeneity along the protein chain. By

analyzing the average excess of variance in the variants, we observed a decay that

indicates a reduction in dynamics reaching equilibrium within the low millisecond

timescale (Figures S5 and S6). Generally, the presence of DNA decreases the hetero-

geneity of the monomers but has the opposite effect on the dimer (Figures S5 and

S6). However, it does not notably influence the decay pattern. We speculate that

the observed high heterogeneity might correspond to disordered dynamics, while

the variance decay could signify a kinetic transition between HF and LF states.

Considering the heterogeneous behavior described by BVA, we tried to resolve the

kinetic transition between the FRET states using a simplified two-state HF % LF

equilibriummodel to analyze the intensity distribution of the FRET signals, resolving

dynamics at timescales comparable to the diffusion time. We employed the PDA al-

gorithm,46–48 as it has shown to solve more quantitatively the kinetic transitions.35

We globally fit the intensity data for different time windows around the diffusion time

(Dt = 1, 3, and 10 ms) and compared it with a static (non-exchanging) and a dynamic

(exchanging) two-state model. We observed a significant improvement in the

model’s goodness (c2
r ) in the dynamic model than in the static model (Table S6), ob-

taining also kinetic rates that are in accordance with the variance decay showed in

BVA. However, the c2
r values suggest the need for a more complex model.

In that line, we sought to investigate if additional transitions were occurring at faster

timescales than the diffusion time, increasing the model’s complexity. To accom-

plish this, we utilized fFCS (Figure 1B),50,51 allowing us to examine the dynamic spec-

trum of exchange processes from hundreds of nanoseconds to tens of milliseconds.

fFCS is helpful for this purpose since it takes advantage of the fact that the intensity

fluctuations due to specific FRET states can be correlated on these timescales.

We globally analyzed the fFCS (species autocorrelation and cross-correlation) curves

for both FRET variants (C57-C78 and C18-C78) in monomeric (Figure 3C) and

dimeric conditions (Figure 3D) in the absence and presence of DNA (Table S7).

For the C57-C78 FRET variant, we observed that an FRET transition around nanosec-

onds (tR1) is dominant in the monomeric conditions, even in the presence of DNA

(Figure 3C). Therefore, we interpreted it as the conformational sampling of the disor-

dered state, which must occur at sub microseconds.52 In contrast, for the C18-C78

variant, we found that a dominant FRET transition around microseconds (tR2) is

distributed homogeneously between fast and slow timescales (Figure 3C). Thus,

the structural transitions of the FKH domain are complexes and differentially modu-

lated by the DNA.

The behavior of the dimers differs significantly (Figure 3D). In the case of the C57-

C78 variant, the slow exchange dominates (tR3), reflecting transitions between the
8 Cell Reports Physical Science 5, 101854, March 20, 2024
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folded and disordered states. On the other hand, for the C18-C78 variant, which rep-

resents changes in helices H1-H5, the fast transition (tR1) dominates. When bound to

DNA, the impact is propagated differently across the backbone, but the disordered

contribution accounts for approximately 50% of the total dynamics in both variants.

The observed timescales indicate that the DNA fine-tunes the structural dynamics,

as evidenced by an increase in disorder behavior in the C57-C78 variant but a

decrease in this behavior in the C18-C78 variant (Figure 3D).

We then performed single-molecule anisotropy measurements in both monomer and

dimer conditions to investigate the local impact of DNA (Figures 3E and 3F). We

analyzed fluorescence anisotropy and extracted the dynamics as previously described

for the monomers (Figure 2E). In this case, two anisotropy states with a dynamic ex-

change were necessary to globally fit multiple time windows. We compared the flexible

behavior of the protein in the absence and presence of DNA (Figures 3E and 3F). In gen-

eral, DNA increases FKH’s flexibility by an increase in the contribution to the low anisot-

ropy, except when the dye is located in helix H3 in dimer conditions, suggesting that

DNA destabilizes the protein’s backbone (Figures 3E and 3F). However, for the dimer,

we observed a higher increase in flexibility of helices H1 and H5, which can explain

the favoring of the disordered low FRET state compared with the monomer.

DNA binding controls the dimerization of the FKH domain

Based on our findings, binding to DNA significantly impacts the folded state of

FoxP1 FKH, increasing the protein structural disorder, which may affect its dimeriza-

tion equilibrium.

To explore the impact of the DNA binding on the 3D-DS dimerization, we developed a

dimerization assay using a BODIPY FL-labeled single-cysteine variant of FoxP1 to track

the kinetics of the dimer formation by measuring steady-state anisotropy. To assess the

impact of DNA binding, we monitored changes in fluorescence anisotropy upon the

binding of the unlabeled R53H variant of FoxP1, which has an affinity to DNA over 20

times lower than the WT protein (Figure S7). In this scenario, the labeled monomer is

the only component affected by the presence of DNA due to the low R53H ability to

bind the DNA in the concentration range used. In the absence of DNA, the anisotropy

of the labeled FoxP1 increases with the presence of the FKH variant R53H, indicating the

association between monomers (Figure 4A). We repeated the experiment using

different concentrations of the R53H variant. We observed that the maximum FoxP1

anisotropy increased as a function of the concentration of the R53H variant (Figure 4B),

indicating protein association. We fitted the curves with a single exponential under

pseudo-first-order conditions to calculate the observed rate constant (kobs) as a function

of the R53H variant concentration (materials andmethods), fromwhich we extracted the

association (kass) and dissociation (kdiss) rate constants (Figure 4C and Table S8).

Our results indicate that the dimerization process may be constrained by the order-

to-disorder transition required to form the 3D-DS dimer (Figure 2). The slow associ-

ation rate observed without DNA (6G 0.4$104 M�1 min�1) supports this hypothesis.

When the labeled protein was preincubated with DNA at a protein:DNA stoichiom-

etry of 2:1, the kass value decreased by approximately 70% (Figure 4C and Table S8).

Furthermore, by analyzing the effect of DNA concentration on the association, we

found that the kobs value decreased proportionally to the increase in DNA concen-

tration, confirming that binding to DNA in monomeric conditions prevents dimeriza-

tion (Figure 4C inset). As a result, the structural changes induced by DNA binding

increase the accumulation of the disordered ensemble and shift the dimerization

equilibrium toward the monomeric state. Then, the DNA-monomer complex acts
Cell Reports Physical Science 5, 101854, March 20, 2024 9



Figure 4. DNA acts as a negative regulator over the dimerization of FoxP1

(A) Changes in anisotropy of labeled FoxP1 (100 nM) upon the addition of 3 mM of unlabeled R53H

variant. The kinetic change of the signal was fitted to a single exponential curve, showing the

corresponding residuals.

(B) The same experiment as (A) but titrating with increasing concentrations of the R53H variant. The

concentration of the labeled protein was 100 nM, whereas the unlabeled R53H at 1 (light purple),

3 (purple), 5 (light blue), and 7 mM (blue) was used.

(C) Comparison of observed association rate constant (kobs) in (A) in the absence (blue) and

presence (brown) of 50 nM of unlabeled DNA. The assay in the presence of DNA was as follows: in a

preformed FKH(FoxP1):DNA complex at stoichiometry 2:1, and we monitored the 3D-DS:DNA

formation upon the increasing concentration of the unlabeled R53H. Inset: comparison of the kobs
by titrating with 3 mM of R53H in preformed FKH:DNA complexes 100 nM:0 nM, 100 nM:50 nM, or

100 nM:250 nM.

(D) Schematic structural and monomer-dimer equilibrium in the absence and presence of DNA to

highlight the reversible regulation over the FoxP function. Each state (monomer and dimer) bound

to DNA was described as dynamically exchanging between the folded and a disordered state. We

qualitatively estimated the equilibrium transitions between them by their relative contribution in

the sm-2D plots. The red arrows correspond to the direction of the reverse process, and the

thickness corresponds to the impact exerted by the DNA. The blue arrow shows the proposed role

of regulatory proteins (such as cofactors) and the additional domains of FoxP1 (as the LZ domain).
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as a negative allosteric control over dimerization by increasing the energy barrier for

dimerization.

DISCUSSION

The interaction between TFs and DNA is one of the most relevant phenomena within

a cell, and usually the adoption of the complex induces structural changes in the TFs.

However, the precise role of DNA in the stability of the complex and themechanisms

by which it is modulated remain poorly understood.
10 Cell Reports Physical Science 5, 101854, March 20, 2024
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We used the FoxP1 DNA-binding domain to investigate the dynamic and structural

response of TFs when bound to DNA, both in monomeric and dimeric states. These

TFs play a significant role in neural and embryonic development and speech, lan-

guage, and immune disorders,16,53 and they are able to bind DNA as monomers21,54

and also form 3D-DS dimers through a process known as 3DS-DS dimerization,18

which it has been argued as their active form.18,25,26 The multiple binding phenom-

ena around the activity of FoxP proteins point to a revision of the prevailing notion of

the unidirectional TF:DNA/TF:TF:DNA mechanism, where DNA induces the

folding and subsequent association of TFs required for function (Figure 1A), to a

more complex model where the TFs:DNA complex duration is mediated by the

TF’s dynamics exerted by the DNA itself. Hence, understanding the regulatory

mechanisms governing TF:DNA formation is necessary to fully capture the dynamic

nature of the binding equilibriums of the multiple complexes.

Our study revealed how DNA cooperatively modulates TF dimerization, particularly

the 3D-DS dimerization. Our experimental and computational approaches revealed

that the FKH domain exchanges between folded and disordered states at physiolog-

ical temperatures. Surprisingly, we found that DNA binding slightly modified the

structural dynamics and behavior of the monomer when bound to DNA (Figure 3),

highlighting the intrinsically disordered nature of the complex.

However, the behavior seems not to be homogenously distributed among the chain.

For example, the calculated radius of gyration (Rg) of the FRET variant C57-C78 of

the low FRET state is significantly higher than the prediction from CALVADOS2, sug-

gesting either a more extended region or an artifact related to the position of the

dyes or another structured conformation that cannot be simply explained with our

results. To explore possible artifacts, we included the information of the dyes to

our simulations to calculate the average interdye distance between positions 57

and 78 in the disordered conformation, obtaining an average value of �68 Å (Fig-

ure S8). Only considering an uncertainty of 7% in the orientation factor (k2),30,31

we extrapolated an FRET efficiency of 0.15 [0.1–0.21], where brackets represent con-

fidence interval, which is similar to the experimental value obtained in our work.

Despite our discrepancies, the low FRET state behaves effectively with high flexi-

bility and heterogeneity, as consistently observed in anisotropy, BVA, PDA, and

more importantly, fFCS.

In addition, we found that dimerization enhances the stability and folded state of

FoxP1, as observed in smFRET, fFCS, and anisotropy experiments, but DNA binding

cooperatively uncouples the folded state and promotes the accumulation of the hy-

pothetical disordered protein:DNA complex, favoring the dimer’s dissociation (Fig-

ure 4D). The 3D-DS dimer is commonly accepted to be the functional state of FoxP

proteins,17,18,20,21,25,55,56 enabling the chromosomal tethering and executing their

repression role. Moreover, several disease-causing mutations on the FKH affecting

the dimerization ability highlight the functional relevance of the adoption of the

dimer in the cellular context.28,57

This disorder-promoting effect of the DNA on the FoxP1 dimer introduces the role of

the DNA as a co-regulator of the transcriptional activity of TFs, expanding from a uni-

directional model to an unexplored reversible mechanism in transcription factors,

where the DNA triggers a response and modulates the protein’s dimeric state by

inducing disorder (Figure 4D). This mechanism could act opposite to the "folding-

upon-binding," affecting the repression function of human FoxP proteins by

reducing the prevalence of the functional-dimeric state.
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Based on our findings, we propose that the chromosomal tethering described in vivo18

may depend on additional components, including the presence of (1) other domains

(such as LZ) on this family of TFs; (2) additional protein partners such as NFAT (nuclear

factor of activated T-cells),20,25 Runt-related transcription factors (RUNX),58 and CtBP1

(C-terminal binding protein 1); (3) different post-translational modifications59; and (4)

the heterogeneity of the protein composition in the nucleus, as observed in mem-

brane-less organelles.60–62 These additional cofactors may promote the folding of the

dimer when bound to DNA. This dynamic modulation of stability of the protein-DNA

complexes may have an impact on the transcriptional activity of FoxP proteins, and

therefore crucial for maintaining transcriptional equilibrium for homodimeric and heter-

odimeric 3D-DS species complexes that bind to different DNA sequences. For the case

of the heterodimer FoxP1-FoxP2, the changes in the FoxP1’s dynamics induced by the

DNA favor the protein:protein association,19 highlighting the versatile role of the ligand

in the structural and functional properties of the protein, by which the differences in the

protein’s flexibility in the absence or presence of DNA could guide the acquisition of a

homo- or hetero-dimeric complex.

Therefore, a more complete model is required to fully describe the structural mod-

ulation of human FoxP1’s function, presenting us with the challenge of unraveling

the features of inter-domain and inter-protein communication within the FoxP sub-

family, which enable them to function as master regulatory TFs.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Hugo Sanabria (hsanabr@clemson.edu).

Materials availability

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

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

Data availability. Datasets from confocal smMFD (Raw, MFD Bursts, time-corre-

lated single-photon counting [TCSPC], PDA, and FCS), along with biochemical

data generated, are available upon request from the lead contact. This work did

not generate any new accession code for the data.

Protein expression and purification

The WT forkhead domain of the human FoxP1 and its variants (L18C, S57C, and V78C)

were cloned into a modified pET-28a vector containing a His6-tag, a TEV cleavage site,

and an S-tag sequence toward the 50 end of the gene. The plasmid containing FoxP1

variants was created by PCR mutagenesis using the QuickChange Site-directed muta-

genesis kit (Stratagene, La Jolla, CA, USA). We transformed E. coliC41 cells (Invitrogen)

with the pET28a vector to overexpress the FoxP1 protein. Protein expression was

induced by 0.5 mM IPTG followed by overnight incubation at 15�C to attain the optical

density at A600 in the range of 1.4–1.6. Further, proteins were purified using Ni2+-NTA

affinity chromatography as described previously.17

Labeling of FoxP1

Three dual-cysteine variants (L18C, S57C, and V78C) were expressed and purified

for dual labeling with fluorescent dyes. Prior to labeling, 100 mM FoxP1 was added
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to buffer A (20 mM HEPES, pH 7.8, 150 mM NaCl, 2 M GdmCl) with 0.5 mM Tris

(2-carboxyethyl) phosphine hydrochloride (TCEP) and incubated over 30 min at

room temperature. Next, we buffer exchanged by adding 500 mL of 100 mM FoxP1

with 2 mL buffer A to the PD 10 column and further concentrated. The eluted protein

was labeled with Alexa 488 by adding one-third of cysteine concentrations in the

protein and incubated for 2 h at room temperature. Next, buffer exchange occurs

as discussed earlier.17 Alexa 647 was added double the cysteine concentration in

the protein and incubated overnight at 4�C. We carried out a buffer exchange the

next day and measured the dual-labeled protein concentration. Finally, excess

free fluorescent dyes were removed by size exclusion chromatography.

Size exclusion chromatography

FoxP1-labeled monomer protein is separated from dimer and free dye using an

FPLC system with Superdex 75 column (Bio-Rad). First, the column was equilibrated

with 50 mL of standard buffer (20 mMHEPES pH 7.8, 150 mMNaCl) at 4�C. Next, the

FoxP1 monomer is eluted within one column volume using the same buffer. The

collected fractions were stored at 4�C for the experiments.

smMFS

For single-molecule multiparameter fluorescence detection (smMFD), �100 pM

labeled samples were diluted in standard buffer (20 mM HEPES, 150 mM NaCl,

pH 7.8) in the presence of 500 nM unlabeled protein. For smMFD, we used a

500-mL sample volume containing NUNC chambers (Lab-Tek, Thermo Scientific,

Germany). The instrument response function was determined by measuring water,

standard buffer for background subtraction, Rhodamine 110 for green, and Rhoda-

mine 101 for red channels for calibrations were used. The detection efficiency

was calibrated with a mixed solution of known distance separation between donor

and acceptor dyes containing dual-labeled DNA oligonucleotides as previously

described.17

smMFD was carried out using diode lasers at 485 nm (LDH-D-C 485 PicoQuant, Ger-

many, power at objective 110 mW) and at 640 nm (LDH-D-C 640 PicoQuant, Ger-

many, power objective 60 mW), operating at 40 MHz in PIE mode. The freely diffused

molecules excited and passed through a 60X detection volume, and the emitted

fluorescence signal was collected with a 70-mm pinhole using a 1.2 NA collar

(0.17) corrected Olympus objective. The green and red color signals were used

through bandpass filters HQ 520/35 and HQ 720/150, respectively, and these chan-

nels are further divided into parallel and perpendicular components. Two detectors

were used for each spectral window (e.g., green and red channels). Four synchro-

nized input channels and a TCSPC module (HydraHarp 400, PicoQuant, Germany)

were used for data registration. Sub-ensemble time-resolved fluorescence data

were collected as described previously.17,38,63

Anisotropy measurements

BODIPY-labeled single-cysteine variants (L18C, S57C, and V78C) were measured as

described in the smMFS approach. Before data collection, the sample chamber was

treated with 0.01% of tween 20 to avoid adsorption. Samples were measured with

100 p.m. BODIPY-labeled FoxP1 monomer and 100 nM unlabeled FoxP1 using stan-

dard buffer (20 mM HEPES pH 7.8, 20 mM NaCl). BODIPY-labeled dimers were pre-

pared by adding 500 times of unlabeledWT FoxP1 to labeled FoxP1, followed by 2M

guanidine HCl. Proteins were mixed, and the buffer was exchanged with a standard

buffer. The sample was concentrated and incubated at 37�C for 30 min. The DNA

samples were titrated separately with monomers and dimers. Prior to titration,
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labeled proteins were prepared separately, as discussed previously. An amount of

500 nM labeled FoxP1 was titrated with four times of DNA and incubated at room

temperature for over 10 min. The final concentration for the anisotropy measure-

ments was 100 p.m. of labeled protein. We measured 2 nM Rhodamine 110 in water

to calculate the G factor.

Ensemble measurements to follow the WT FoxP1:R53H FoxP1 association were per-

formed in a Jasco FP-8300 spectrofluorometer with polarized filters. The C57 variant

of FoxP1 labeled with BODIPY FL was titrated with 1, 3, 5, and 7 mM of unlabeled

R53H variant of FoxP1. The association was monitored by following anisotropy

changes at 37�C. For association kinetics in the presence of DNA, different labeled

FoxP1:DNA ratios were incubated with 3 mM of R53H variant, and a sample contain-

ing 100 nM:50nM ratio FoxP1:DNAwas titrated as performed in the absence of DNA

to determine the association and dissociation rates. G factor was measured using

free dye at 200 nM concentration.

All the dimerization reactions were fitted into a single exponential curve, where the

observed rate represents a pseudo-first-order reaction, considering that the unla-

beled R53H variant is in excess of the labeled C57-BODIPY variant. In that scenario,

the true association (kass) and dissociation (kdiss) are obtained from Equation 1 and

depend on the concentration of the unlabeled protein used in homo and

heterodimerization:

kobs = ðkass $ ½FoxP�Þ+ kdiss (Eqaution 1)

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

graphpad.com).
Anisotropy lines

For each burst, we determine the steady-state anisotropy, rS , the fluorescence

weighted average lifetime, tF , and compute two-dimensional frequency histograms

referred to as anisotropy histogram. Analogous to FRET-lines34,35 that describe pop-

ulations of single molecules on multidimensional FRET efficiency histograms, we

describe populations on the anisotropy histograms by parametric relations. The

relation between rS and tF parameterized by a parameter n an anisotropy line.

rSðnÞ = F� 1

Z
t$rðtjnÞdt (Equation 2)
tFðnÞ = F� 1

Z
t$f ðtjnÞdt (Equation 3)

Here, f ðtÞ and rðtÞ are the time-resolved fluorescence and anisotropy decay, respec-

tively, and F =
R
f ðtjnÞdt is the total fluorescence intensity.

There are many possibilities to define an anisotropy line. The most common anisot-

ropy line is defined by parameters such as the rotational correlation time, ri, and the

population xi of fluorophores in state i. For a single state with a rotational correlation

time r, the integral steady-state anisotropy, rS , and the fundamental anisotropy r0
are related by the Perrin equation64

rS =
r0

1+tF=r
; (Equation 4)

that is obtained by solving the integral for rðtjn = rÞ = r0e� t=r. ForN states that are

in fast exchange with distinct rotational correlation times, this becomes
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rSðtFÞ = r0
XN
i = 1

bi

1+t=ri
(Equation 5)

In the case of two states with different rotational correlation times that are in slow

exchange, rS is not fully averaged.

For each burst, we determine the steady-state anisotropy, rS , the fluorescence

weighted average lifetime, tF , and compute two-dimensional frequency histograms

referred to as anisotropy histogram. Analogous to FRET-lines34,35 that describe pop-

ulations of single molecules on multidimensional FRET efficiency histograms, we

describe populations on the anisotropy histograms by parametric relations. The

relation between rS and tF parameterized by a parameter n an anisotropy line.

Anisotropy lines extend on the concept of FRET lines by considering the rotational

relaxation time, r, and the fundamental anisotropy, r0, in addition to the radiative

rate constant kF , and the fluorescence lifetime t that are needed for computing

FRET lines. Briefly, an anisotropy line is a parametric relation between an experi-

mental fluorescence anisotropy measure (e.g., the steady-state anisotropy, r )

and another measure (e.g., the fluorescence weighted average lifetime, CtDDF ).

Anisotropy lines are computed as follows. First, experimental observables (e.g.,

r and CtDDF ) are computed for a set of parameters. Next, the parameters deter-

mining the experimental observables (e.g., FRET rate constants) are varied, and re-

sulting observables are tabulated. Alternatively, observables are related by an

analytical expression. We compute anisotropy lines for CtDDF and r. In our single-

molecule experiments, r was determined using the integrated background cor-

rected fluorescence intensities of the parallel Fp and perpendicular Fs detection

channel

r =
Fp � Fs

Fp+2GFS
(Equation 6)

whereG is a factor correcting for differences in the detection efficiency of the p and s

channel. For parameterizing a relation between r and CtDDF , we define a set of states,

fLkg. Each state Lk , is defined by a fluorescence lifetime, tk , a rotational relaxation

time, rk , and its population fraction xk . The fluorescence decay of Lk in the p and s

detection channel is

fp;k =
1

3
fkð1 + 2GrkÞ (Equation 7a)
fs;k =
1

3
fkð1 � rkÞ (Equation 7b)

where the fluorescence decay fk = kFe
� t

tk and the anisotropy decay rk = r0e
� t

rl .

Hence, r of a set of states, fLkg, is

rðfLkgÞ =

RN

t = 0

P
kxk fkrkdtRN

t = 0

P
kxkfk

= r0

P
kxktkrkðrk+tkÞ� 1P

kxktk
: (Equation 8)

The corresponding fluorescence weighted average lifetime CtDDF is

CtDDFðfLkgÞ =

P
kxkt

2
kP

kxkt
: (Equation 9)

If all fLkg that shares a single fluorescence lifetime and rotational correlation time

r = r0
r

r+t
: (Equation 10)
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This relation, that is also known as Perrin equation, is a "static" anisotropy line, as it is

valid for all "pure" states that have a single rotational time r and lifetime t. In cases

where a single fluorescence lifetime has had multiple rotational relation times

r = r0
XK

k = 1
xk

rk

rk+t
(Equation 11)

Even though such case describes multiple rotational states, we still refer to these

lines as static anisotropy lines, as they can describe single FRET states of flexible

coupled dyes.65

Dynamic anisotropy lines describe the exchange/mixing of states. For a two-state

system fL1;L2g x1 = t2ðtF � t2Þ=ðt1 � t2Þðt1 + t2 � CtDFÞ. Thus, rðtF jfL1;L2gÞ,
the dynamic anisotropy line that describes the L1/ L2 mixing, is a linear in tF

rðtF jfL1;L2gÞ =
r0

t1 � t2

�
tF

�
r1ðr2+t2Þ � r2ðr1+t1Þ

ðr1+t1Þðr2+t2Þ
�

+
t1r2ðr1+t1Þ � t2r1ðr2+t2Þ

ðr1+t1Þðr2+t2Þ
�

(Equation 12)

and connects the "static" anisotropy lines ofL1 andL2 by a straight line (see Figure 2

in the main text).

Discrete molecular dynamics simulations

Interatomic forces in all-atom molecular dynamics simulations were used to run the

discrete molecular dynamics (DMD). Medusa force field with discretized potentials

and implicit solvent were used to run DMD simulations. As described earlier, the im-

plicit solvent model used in DMD was a CHARMM19-based energy function and

Gaussian solvent-exclusion model.38,39,41 As previously described, the FKH struc-

tures were generated by homology modeling.17 For FoxP1, we used the DMD soft-

ware package to run all-atom replica exchange simulations. Initial equilibration was

run with 50 ns each with �2fs time step. A total of 18 replicas for each protein were

allowed to exchange between 18 temperature baths equally spaced between 275 K

and 350 K. The total simulation time for each replica is �1 ms. Analysis of the trajec-

tories was performed using VMD and PyMoL packages.

Time-resolved fluorescence analysis

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

model (Equation 13):

FnormðtÞ =
Xn
i

xi
�
t
.
t
ðiÞ
DA

�
(Equation 13)

where ci is the i-th population fraction, and t
ðiÞ
DA is the fluorescence lifetime of that

population. Fluorescence decays from heterodimers were analyzed using a single

or double exponential model, obtaining the respective c2
r to compare both

models and to choose, using the F-test criteria, the statistically more robust

behavior.

Burst variance analysis

To compute the burst variance,49,66 single-molecule events also called ‘‘bursts’’ were

divided into segments of equal numbers of photon (m) segments. For each segment,

the corrected FRET efficiency and its variance within the burst (s2) is calculated. To

observe the contribution of dynamics beyond the shot noise, we use the shot noise

variance as

s2 =
CEDð1 � CEDÞ

m
(Equation 14)
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where E is the corrected FRET efficiency and m is the number of photons for each

segment. Hence, the excess variance (S2) due to dynamics is

S2 = s2 � s2 (Equation 15)

The mean excess variance (S2) as a function of the mean duration of m-photon seg-

ments was fit to a single exponential decay to determine an effective equilibrium

time. The script used is available at github.com/SMB-Lab/feda_tools.
Photon distribution analysis

We used probability distribution analysis (PDA)46,47 to model the anisotropy and

FRET efficiency distributions to identify mean anisotropy values and FRET distances

between disordered ensembles and folded states (CRDADE ) and their corresponding

uncertainties. To properly account for the heterogeneity in the duration of bursts,

bursts are split into equal time windows per burst with multiple time window sizes

(Dt = 1, 3, and 10 ms), and the respective indicator 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 c2
r . A static model considering one and two states was insufficient to

fully describe the histograms at these time windows.
Filtered FCS

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 win-

dow (Green, G, and Red, R) to generate four correlation curves (GðDAÞ
GG ðtcÞ;GðDAÞ

RR ðtcÞ;
GðDAÞ

GR ðtcÞ;GðDAÞ
RG ðtcÞÞ, where the subscripts correspond to the spectral window. The su-

perscript in parentheses is the labeled species that is observed. These correspond to

the color auto- and cross-correlation function of the FRET-labeled samples at single-

molecule resolution. Details on the procedure can be found elsewhere.50,51

To analyze the hydrodynamic properties of monomers and dimers free or in the pres-

ence of DNA, each GðDAÞ
GG ðtcÞ was fitted with the model function (Equation 16) that

considers a 3-dimensional Gaussian confocal volume to identify the characteristic

time of diffusion tD .

GðtcÞ =
1

N

0
B@ 1

1+
t

tD

1
CA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi0
BB@ 1

1+
�u
z

�2 t

tDz

1
CCA

vuuuuut
�
1 � Ap + Ap exp

�
� t

tp

��
+B (Equation 16)

where N is the average number of particles in the confocal volume, u and z are the

axes for the geometrical volume, tD = u2

4D is the diffusion time, where D is the diffu-

sion constant, and Ap is the amplitude of a photophysical term such as triplet state

kinetics or photobleaching.

Error analysis of parameters for cross-correlation fits was performed by evaluating

the chi-squared surface corresponding to the variation of each fit parameter. The er-

ror range was determined by using the F-test to compare the chi-squared values

sampled from the c2 distribution to the presented fit and identifying the parameter

range corresponding to a confidence interval of 2s.

The auto and cross-correlated signals were fitted to Equations 17 and 18:
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ACðHF �HF;LF � LFÞðtÞ = B+
1

N

�
1+

t

tD

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1+

t

s2tD

r
 
1 + AL exp

�
� t

tL

�

� AL +
X3
i = 1

Ai exp

�
� t

ti

�
� Ai

! 
1 + AP exp

�
� t

tP

�
� AP

!
;

(Equation 17)
CCðHF � LF;LF �HFÞðtÞ = B+
1

N

�
1+

t

tD

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1+

t

s2tD

r
 
1 � ACC

X3
i = 1

Ai exp

�
� t

tL

�!

�
1 � AL exp

�
� t

tL

�� 
1 + AP exp

�
� t

tP

�
� AP

!
;

(Equation 18)

where B is the baseline value of each curve, S is the geometrical volume, ti and Ai are

the anticorrelation time and its amplitude, and ACC corresponds to the cross-corre-

lation amplitude term. Photophysical terms are described by tP and AP , which corre-

spond to times and their amplitude, respectively. Any slower exchange and bleach-

ing term are contained in tL and its related amplitude AL. Correlation curves were

fitted using Chisurf software.67
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Willbold, D., Strodel, B., Seidel, C.A.M., and
Neudecker, P. (2019). Integrated NMR,
Fluorescence, and Molecular Dynamics
Benchmark Study of Protein Mechanics and
Hydrodynamics. J. Phys. Chem. B 123, 1453–
1480. https://doi.org/10.1021/acs.jpcb.
8b08903.

46. Kalinin, S., Felekyan, S., Antonik, M., and
Seidel, C.A.M. (2007). Probability distribution
analysis of single-molecule fluorescence
anisotropy and resonance energy transfer.
J. Phys. Chem. B 111, 10253–10262. https://doi.
org/10.1021/jp072293p.
20 Cell Reports Physical Science 5, 101854, Marc
47. Kalinin, S., Sisamakis, E., Magennis, S.W.,
Felekyan, S., and Seidel, C.A.M. (2010). On the
origin of broadening of single-molecule FRET
efficiency distributions beyond shot noise
limits. J. Phys. Chem. B 114, 6197–6206. https://
doi.org/10.1021/jp100025v.

48. Kalinin, S., Valeri, A., Antonik, M., Felekyan, S.,
and Seidel, C.A.M. (2010). Detection of
structural dynamics by FRET: a photon
distribution and fluorescence lifetime analysis
of systems with multiple states. J. Phys. Chem.
B 114, 7983–7995. https://doi.org/10.1021/
jp102156t.

49. Torella, J.P., Holden, S.J., Santoso, Y.,
Hohlbein, J., and Kapanidis, A.N. (2011).
Identifying molecular dynamics in single-
molecule FRET experiments with burst variance
analysis. Biophys. J. 100, 1568–1577. https://
doi.org/10.1016/j.bpj.2011.01.066.

50. Felekyan, S., Kalinin, S., Sanabria, H., Valeri, A.,
and Seidel, C.A.M. (2012). Filtered FCS: species
auto- and cross-correlation functions highlight
binding and dynamics in biomolecules.
ChemPhysChem 13, 1036–1053. https://doi.
org/10.1002/cphc.201100897.

51. Felekyan, S., Sanabria, H., Kalinin, S.,
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