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Abstract: FOXP1 belongs to the P-subfamily of forkhead transcription factors and contains a
conserved forkhead DNA-binding domain. According to size exclusion chromatography analysis,
the forkhead domain of FOXP1 existed as a mixture of monomer and dimer. The dissociation
constants of the forkhead domain of wild-type, C61S, and C61Y mutants of FOXP1 were 27.3, 28.8,
and 332.0 uM, respectively. In contrast, FOXP1 A39P mutant formed only a monomer. NMR
analysis also showed that FOXP1 C61S and C61Y mutants existed as a mixture. The solution
structure of FOXP1 A39P/C61Y mutant was similar to the X-ray structure of the FOXP2 monomer.
Comparison of backbone dynamics of FOXP1 A39P/C61Y and C61Y mutants showed that the
residues preceding helix 3, the hinge region, exhibited the largest conformational exchange in
FOXP1 monomer. The A39 residue of FOXP1 dimer has a lower order parameter with internal
motion on the ps-ns timescale, suggesting that the dynamics of the hinge region of FOXP1 are
important in the formation of the swapped dimer. The analysis also showed that the residues
exhibiting the motions on the ps-ns and ps-ms timescales were located at the DNA-binding
surface of FOXP1, suggesting the interactions between FOXP1 and DNA may be highly dynamic.
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Introduction
Forkhead box (FOX)-containing transcription factors
are defined from a conserved winged-helix/forkhead

DNA-binding domain containing ~100 amino
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acids."™ They are expressed in many eukaryotic
organisms and act as regulatory keys in embryogen-
esis, tumorigenesis, or the maintenance of differenti-
ated cell states.>® FOXP proteins are newly defined
P-subfamily of forkhead transcription factors. To
date, four FOXP1 proteins have been found and they
are as follows: FOXP1, FOXP2, FOXP3, and FOXP4
contain 677, 740, 431, and 680 amino acids, respec-
tively.>'> They all contain multiple domains—
including a glutamine-rich region, a zinc finger, a
leucine zipper, and a forkhead DNA-binding domain
[Fig. 1(A)]. FOXP proteins are distinct from other
members of the forkhead family in that they have a
C-terminal forkhead DNA-binding domain and a
CyH,, zinc finger domain.'®!* The aberrant expres-
sion and gene mutations of FOXP proteins are found
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Figure 1. Schematic representation of FOXP1 and sequence alignment of its forkhead domain with other FOX proteins. (A)
Schematic domain structure of FOXP1. The glutamine-rich region (Q-rich), the zinc finger domain (ZF), leucine zipper domain (LZ),
and forkhead DNA-binding domain (FH) are shown. (B) Sequence alignment of the forkhead domains. Sequence alignment of
winged-helix/forkhead proteins: FOXP1, FOXP2, FOXP3, FOXP4, FoxA3, FOXC3, FoxD3, FOXK1a, FOX03a, and FOXO4. The
DNA-binding residues are colored in red. The conserved residues of the forkhead DNA-binding domain, the A39, and C61
residues are shaded in orange, blue, and purple. The residues involved in intermolecular interactions in swapped dimer are
denoted by a blue rhombus. Missense mutations of FOXP2 and FOXP3 are shown in dark blue and cyan boxes, respectively.
Schematic diagrams of the secondary structures of the monomer (M) and swapped dimer (D) are also shown below the sequence.

in many human diseases.'®'®>'® Two examples are
the loss of heterozygosity of FOXP1 gene that is
found in breast cancer; and the loss of FOXP1
expression, which is associated with a shorter sur-
vival, indicating that FOXP1 functions as a tumor
suppressor.>!™® In contrast, the chromosomal
translocation of FOXP1 gene is identified in several
types of lymphomas; and deregulated expression of
FOXP1 is relevant to poor prognosis, suggesting
that FOXP1 may be an oncogene.?°2* The forkhead
domain of FOXP1 shares 88, 76, and 89% identity
with that of FOXP2, FOXP3, and FOXP4, respec-
tively. In particular, several disease-causing muta-
tions on the forkhead domain of FOXP2 and FOXP3
are identified. 11,2526

Many 3D structures of the forkhead domain of
FOX proteins—including FoxA3, FOXC2, FoxD3,
FOXKla, FOX03a, FOX04, and FOXP2—have been
determined by X-ray crystallography and NMR spec-
troscopy.2”2* The sequence alignment of these pro-
teins showed that the hinge region between H2 and
H3 and the wing 1 and C-terminal regions were
most diverse [Fig. 1(B)]. In general, they exhibit a
compact o/B structure consisting of three o-helices
(H1, H2, and H3), three B strands (S1, S2, and S3),
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and two wings (W1 and W2).2%3% Unlike 3D struc-
tures of the FOX protein/DNA complexes, the X-ray
structure of the FOXP2/DNA complex exhibits a
monomer and swapped dimer on binding to DNA.3¢
The monomeric form of FOXP2 has a canonical
winged-helix fold with secondary structures
arranged in the order H1-S1-H2-H4-H3-S2-S3-H5.
In contrast to other forkhead proteins, the hinge
region between H2 and H3 and the wing 2 region of
FOXP2 form two short o helices. The difference
between two FOXP2 conformers is that two short
11-residue H2 and 4-residue H4 of FOXP2 monomer
are replaced with a long 15-residue H2 of the
swapped dimer. Because both the conformational
interchange between monomer and dimer and the
interaction between protein and DNA are involved
in a dynamic process, we propose to study dynamics
and structure—function relationships of FOXP1
using NMR spectroscopy.

To study dynamics and structure—function rela-
tionships of FOXP1 monomer and dimer, we
expressed the DNA-binding domain of FOXP1 and
its mutant proteins in E. coli. We also determined
the monomer—dimer dissociation constants, 3D
structure, and backbone dynamics of FOXP1 and its
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Figure 2. Gel filtration analysis of wild-type, C61S, and C61Y mutants of FOXP1. Recombinant FOXP1 proteins are dissolved
in 50 mM NacCl, 25 mM MgCI2, 50 mM arginine, 50 mM glutamate, and 20 mM phosphate buffer at pH 5.5 and are applied to
Bio-Gel P-30 size-exclusion chromatography. Elution profiles of (A) wild-type, (B) C61S and (C) C61Y mutants of FOXP1 are

shown. The concentrations of 0.021 mM (

(

), 0.043 mM (.....) 0.086 mM (@@@®), and 0.171 mM (-.. -) of FOXP1; 0.013 mM
), 0.064 mM (.....), 0.128 mM (@@@®), and 0.652 mM (-.. -) of C61S mutant; and 0.063 mM (__), 0.292 mM (.....), 0.648

mV (0@®®), and 1.308 mM (-.. -) of C61Y mutant are used for the analysis. Linear fit of the monomer-dimer dissociation
constants of (D) wild-type, (E) C61S mutant and (F) C61Y mutant of FOXP1. FOXP1’s monomer-dimer dissociation constants
and mutant proteins were calculated using the following formula: K4y = [monomer]2/[dimer]. The data were analyzed using

least-squares fit software SigmaPlot.

mutant proteins. Our study shows that dynamic
properties and the amino acid content of the hinge
region between H2 and H3 of forkhead DNA-binding
domain of FOXP1 are important in the formation of
the swapped dimer and its DNA binding.

Results

The forkhead domain of FOXP1 exists in a
mixture of monomer and dimer

The Bio-Gel P-30 size-exclusion chromatography was
used to analyze the forkhead domain of FOXP1 and
its mutant proteins, which were purified to homoge-
neity by SP Sepharose cation chromatography and
C18 reversed-phase HPLC. Our analysis showed
that the forkhead domain of FOXP1 existed as a
mixture of monomer and dimer, and the ratio
between monomer and dimer was concentration-de-
pendent [Fig. 2(A)]. Similar to wild-type FOXP1, the
C61S and C61Y mutants also existed as a mixture of
monomer and dimer [Fig. 2(B,C)]. In contrast, the
A39P/C61S and A39P/C61Y mutants formed a mono-
mer only up to the concentration of 2 mM. The dis-
sociation constants of FOXP1 and its mutants were
calculated using a simple dissociation model: D 2M,
where M and D represent monomer and dimer
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(Table I). The dissociation constants of the forkhead
domain of wild-type, C61S, and C61Y mutants of
FOXP1 were 27.3, 28.8, and 332.0 uM, respectively.
The mutation of C61 to S did not affect its dimer for-
mation; however, the mutation of C61 to Y caused a
12-fold increase of dissociation constant, suggesting
that hydrophobic interaction may be important in
stabilizing the formation of monomer.

We reinjected the separated dimer fractions
(wild-type and C61Y mutant) to the size-exclusion
chromatography for examining the dimer to mono-
mer transition. The dimeric form of wild-type
FOXP1 did not dissociate into monomeric form but
convert into oligomeric forms (Supporting Informa-
tion Fig. S1A). Similar to wild-type FOXP1, the di-
meric form of C61Y mutant did not dissociate into
monomeric form. However, more precipitation and
less oligomers were formed after 17 days (Support-
ing Information Fig. S1B). These results suggest
that the energy barrier between monomeric and di-
meric forms of FOXP1 is very large.

Thermostability of wild-type FOXP1 and

its mutants

Differential scanning calorimetry (DSC) was used to
determine the melting points of wild-type FOXP1

Structure and Backbone Dynamics of FOXP1



Table I. The Dissociation Constants of the Forkhead
Domain of FOXP1 wt and Its Mutants

Protein K4 (M) Kymu/Kaws (Fold)
Wild type 2.7301 x 107° 1.00
C61S 2.8762 x 107° 1.05
C61Y 3.3238 x 104 12.17
A39P/C618 ND ND
A39P/C61Y ND ND

ND, the mutants only formed monomer up to the concen-
tration of 2 mM.

and its C61S, C61Y, A39P/C61S, and A39P/C61Y
mutants, which were 62.09 *= 0.06°C, 57.65 =+
0.46°C, 62.60 = 0.08°C, 61.85 = 0.30°C, and 67.60 *
0.25°C, respectively (Supporting Information Fig.
S2). The comparisons of A39P/C61S with C61S
mutants and of A39P/C61Y with C61Y mutants
showed that the mutation of A39 to P responded to
4.20 and 5.00°C increases in melting temperature.
The comparisons of C61S and C61Y mutants and of
A39P/C61S with A39P/C61Y showed that the muta-
tion of S61 to Y responded to 4.95 and 5.75°C
increases in melting temperature. These results sug-
gest that monomeric FOXP1 A39P/C61Y mutant is
more stable than dimeric FOXP1 C61S mutant, and
the Y61 residue can stabilize both FOXP1 monomer
and dimer.

The binding of FOXP1 to DNA

NMR titration and gel retardation analysis were
used to study the interactions between the DNA-
binding domain of FOXP1 and DNA. However, the
FOXP1/DNA complex was precipitated under both
experimental conditions. This result was consistent
with the previous report that the forkhead domain
of FOXP1 bound with DNA resulted in the precipita-
tion of the DNA complex in the well of the gel.>® In
this study, we found that the interaction between
FOXP1 and DNA can be analyzed by the change of
tryptophan and tyrosine fluorescence emission on
DNA binding. When FOXP1 A39P/C61S and A39P/
C61Y were exited at 285 nm, their tryptophan fluo-
rescence emission had the maximum values at 338.5
and 336 nm, respectively [Fig. 3(A,B)]. The inten-
sities of emission spectra were decreased on binding
to DNA. The difference spectra between FOXP1
A39P/C61S and A39P/C61Y and their DNA com-
plexes were used to determine their dissociation con-
stants, which were 3.59 + 0.82 and 2.19 + 0.14 uM,
respectively [Fig. 3(C,D)]. However, wild-type, C61S,
and C61Y mutants of FOXP1 were not determined
because of the formation of monomer/dimer mixture.

NMR assignment of the monomeric and dimeric
forms of FOXP1

NMR experiments were performed to compare the
structural differences between monomer and
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swapped dimer of FOXP1. The C61Y and A39P/C61Y
mutants of FOXP1 were used to compare the struc-
tural differences between monomer and dimer,
because C61S and A39P/C61S mutants had solubil-
ity and stability problems during the NMR experi-
ments. The 2D 'H-?N-HSQC spectrum of A39P/
C61Y mutant showed uniform intensities for most of
the resonances at pH 5.5, and only the resonances of
residues S11, L12, F41, and K49 cannot be found
(Supporting Information Fig. S3A). In contrast, the
2D 'H-’N-HSQC spectrum of C61Y mutant showed
that two sets of resonances for the residues 117-E19,
E22, Q24, 125, N28, 130, W33, F38, R53, E66, W73,
E77, T80-K82, and R84 were identified (Supporting
Information Fig. S3B). Superimposition of the '°N-
HSQC spectra of the C61Y and A39P/C61Y mutants
showed that the set of minor resonances of °N-
HSQC spectra of FOXP1 C61Y was overlapped with
the corresponding resonances of 2D 'H-?N-HSQC
spectrum of the A39P/C61Y mutant, suggesting that
they were the resonances of FOXP1 monomer [Fig.
4(A)]. The intensity ratio of 3.4:1 for the resonances
of dimer and monomer was consistent with the cal-
culation based on the dissociation constant of
FOXP1 C61Y mutant at a concentration of 2.5 mM.
The formation of a three-stranded antiparallel pB-
sheet was characterized by the CaH-CoH, CaH-NH,
and NH-NH NOE patterns of the connecting
strands, the slowly exchanging amide protons, and
the upfield-shifted Co chemical shift. The formation
of a four-helix-bundle was also confirmed by dNN(,
i+2) and doaN(@i, i+3) NOE connectivities and by
chemical shift index.

Chemical shift perturbation was used to com-
pare structural differences between FOXP1 monomer
and dimer. The analysis of 2D 'H-'°N-HSQC spectra
of FOXP1 A39P/C61Y and C61Y mutants showed
that five regions—namely R4-T8, A10-113, F34-M37,
F38-Y40, and N44-N50—exhibited values of chemical
shift perturbation greater than 0.25. They were
located at N-terminus, H1, H2, the hinge region, and
H3 [Fig. 4(B)]. In particular, their largest chemical
shift difference was found from the hinge region.
This was consistent with the reported X-ray struc-
tures of the FOXP2/DNA complex that two short 11-
residue H2 and 4-residue H4 of the monomer are
replaced with a long 15-residue H2 of the swapped
dimer. In contrast, significant reduction is observed
in the residues immediately adjacent to A39. This
reduction may suggest that A39 and A41-43 did not
undergo a significant structural change during the
transition from monomer to dimer. The analysis of
Co chemical shift showed that the secondary struc-
tures of the A39P/C61Y mutant contained four a-hel-
ices (H1, residues 9-18; H2, residues 27-37; H3,
residues 45-48; H5, residues 73-76) and three B-
strands (S1, residues 24-26; S2, residues 62—65; S3,
residues 73-76) [Fig. 5(A)]. The residues from 27 to

PROTEIN SCIENCE ‘ VOL 20:906-824 911
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Figure 3. Fluorescence titration of DNA with the monomeric A39P mutants of FOXP1 with excitation at 285 nm. (A) shows
the emission spectra of free FOXP1 A39P/C61S (___), the saturated DNA/FOXP1 A39P/C61S complex (0@®®), and their
difference spectrum (----). (C) shows the emission spectra of free FOXP1 A39P/C61Y (__ ), the saturated DNA/FOXP1 A39P/
C61Y complex (0@@®®), and their difference spectrum (----). Binding isotherm for (B) FOXP1 A39P/C61S & DNA
(Kd=8.65+0.40 uM) and for (D) FOXP1 A39P/C61Y & DNA (Kd=1.510+.06 uM) was obtained by using standard fluorometric

titration analysis described in the method.

40 of FOXP1 C61Y mutant exhibited the downfield-
shifted Coa chemical shifts, indicating the formation
of a long 15-residue H2 [Fig. 5(B)]. The formation of
their secondary structures was also confirmed from
the NOE data. These results showed that FOXP1
C61Y mutant existed as a mixture of swapped dimer
and monomer in the absence of DNA. In contrast,
the A39P/C61Y mutant was a monomer.

The NOE differences between monomer and the
domain-swapped dimer were also used to make com-
parison. Their apparent differences were NOEs
between oH, BH, 6H, and yH of F38 residue and the
indole NH of W48 residue in the domain-swapped
dimer (Supporting Information Fig. S4). In contrast,
No NOE was observed between the residues F38
and W48 residue in monomer. This is consistent
with the distances of BH of F38 and the indole NH

912 PROTEINSCIENCE.ORG

of W48 between monomer and dimer are 9.4 and 3.4
A, respectively.

Structure determination of the monomeric form
of FOXP1

The solution structure of FOXP1 A39P/C61Y mutant
was determined by NMR spectroscopy and the
hybrid distance geometry-dynamical simulated
annealing method. NOE-derived distance restraints
were obtained from the N- and !3C-edited NOESY
data. A total of 1323 experimentally derived
restraints, including 1248 NOEs, 34 hydrogen bonds,
and 75 dihedral angles, were used for structure cal-
culation. An average of 15.2 restraints per residue
was identified (Supporting Information Table I). A
stereoview of the 20 best structures from 100 initial
structures are shown in Figure 6(A). The backbone

Structure and Backbone Dynamics of FOXP1
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and heavy-atom root mean square deviation (RMSD)
values for the well-defined regions (residues 9-19,
24-26, 27-37, 45-58, 62-65, 72-76, and 77-82) were
0.68 + 0.11 and 1.23 *= 0.13 A, respectively. Accord-
ing to our Ramachandran analysis, all dihedral
angles of FOXP1 A39P/C61Y mutant are in the
allowed region. A summary of the restraint and
structural statistics is presented in Supporting In-
formation Table I. Overall, the secondary structures
of the DNA-binding domain of FOXP1 are well
defined, and its fold contains a four-helix-bundle
packed with a triple-stranded antiparallel B-sheet
[Fig. 6(B)]. Superimposition of the backbone atoms
of FOXP1 A39P/C61Y mutant and FOXP2 resulted
in an RMSD value of 1.13 = 0.26 A, indicating no
significant structural differences [Fig. 6(B)l. The
major difference was found from the region between

Chu et al.

H2 and H3, where a four-residue helix in FOXP2
and a turn-like structure in FOXP1 A39P/C61Y mu-
tant were formed.

Structural comparison with other winged-helix
proteins

Many 3D structures of winged helix/forkhead pro-
teins have been determined using NMR spectroscopy
and X-ray crystallography.22* Structural analysis
found that their 3D structures have a similar fold,
which consists of three-helix bundle packed with a
triple-stranded antiparallel p-sheet.?”%® It was
shown that the packing angles between HS3, the
DNA-recognition helix, and H2 among winged helix/
forkhead proteins range from 100° to 150°.2° The
analysis showed that the packing angle between H3
and H2 of FOXP1 A39P/C61Y mutant, FoxA3,

PROTEIN SCIENCE ‘ VOL 20:908-824 913
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FOXC2, FoxD3, FOXKla, FOX03a, FOX04, and
FOXP2 were 135.5 =+ 5.8°, 126.6°, 133.0 + 2.4°,
114.6 = 2.8°, 1224 *= 55° 120.6 = 0.6°, 123.3 =
4.4°, and 127.0°, respectively. These results indicate
that FOXP1 A39P/C61Y mutant has a canonical
winged helix/forkhead fold.

The major structural differences among winged
helix/forkhead proteins were the conformation of the
connecting region between H2 and H3, the length of
the wing 1 region, and the conformation of C-termi-
nal loop.?® We selected the forkhead domain of
FOXP1, FoxD3, and FOXKla for the analysis
because they have an o helix in the C-terminal
region. Although the forkhead domain of FOXP1
shared 37 and 39% identities with that of FoxD3
and FOXKla, the superimposition of the backbone
atoms of FOXP1 core regions (H1-H3 and S1-S3)
with those of FoxD3 and FOXK1a resulted in a max-
imum likelihood optimization RMSD value of 0.71 A,
respectively [Fig. 6(C)]. The length of the wing 1
region of FOXP1, FoxD3, and FOXKla contains 6,
11, and 11 amino acids, respectively. Unlike FoxD3
and FOXKla, the wing 1 region of FOXP1 is the
shortest and contains only six amino acid residues
with a type I turn structure. Interestingly, their C-
terminal o helix, H5, exhibited diverse orientations.
The analysis showed that the packing angle between
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the H1 and H5 of FOXKla, FoxD3, FOXP2, and
FOXP1 was 125.2 = 5.5°, 138.8 + 8.6°, 155.9 * 0.1°,
and 162.7 = 5.7°, respectively. We also found that
the packing angle was related to the length of H5.
Thus, FOXK1la with longer H5 made more interac-
tions with H1. In contrast, FOXP proteins with
shorter H5 made fewer interactions with H1, result-
ing in a larger packing angle. Because the C-termi-
nal and wing 1 regions are involved in DNA binding,
the difference in the orientation of H5 and the
length of W1 may result in the modulation of their
DNA-binding specificity.

Backbone dynamics of the monomeric and
dimeric forms of FOXP1

H-N correlated NMR spectroscopy was used to
measure °N R;, N R,, and 'H-'°N NOE parame-
ters of the monomeric and dimeric forms of FOXP1
(Fig. 7). A total of 71 and 69 backbone amide protons
of C61Y and A39P/C61Y mutants were obtained. The
trimmed average values of R;, R;, and NOE of
FOXP1 monomer were 1.43 s, 12.06 s~1, and 0.77.
The trimmed average values of Ry, Ry, and NOE of
FOXP1 dimer were 0.96 s™%, 17.11 s~%, and 0.76. The
changes in the R; and Ry relaxation rates were con-
sistent with the changes in the molecular weight
between monomer and dimer. Thus, FOXP1 monomer

Structure and Backbone Dynamics of FOXP1



Figure 6. 3D structure of FOXP1 (A) Stereoview of 20 NMR structures of FOXP1 A39P/C61Y mutant. The backbone atoms of
the secondary structures are superimposed. The a-helix and p-strands are colored in red and blue, respectively. (B)
Superimposition of FOXP1 and FOXP2 structures. The FOXP1 and FOXP2 structures are colored in red and gray,
respectively. The side chains of two key mutated P39 and Y61 residues of FOXP1 are colored in orange. The side chains of
A39 and C61 residues of FOXP2 are colored in gray. (C) Superimposition of FOXP1, FoxD3, and FOXK1a structures. The core
regions—including three a-helices and B-sheet—are used for superimposition. The FOXP1, FoxD3, and FOXK1a structures
are colored in red, green, and blue, respectively. Their structures are aligned using Theseus (http://www.theseus3d.org/).

exhibited high R; and low R, values in comparison
with the values of dimer. In comparison with the R,
and Ry values of individual resonance, the R; of the
residues T25 and A46 as well as the Ry of the Y61
residue in dimer were higher than the average value.
In contrast, the Ry value of the A39 was lower than
the average value. The trimmed mean Ry/R; ratios of
monomer and dimer were 8.4 and 17.8, respectively.
These values were larger than expected for a 10.5
kDa of monomer and a 21.0 kDa of dimer. However,
they were very similar to the reported values of the
hydrated DNA-binding proteins.?®%° In addition, the
wing 1, N- and C-terminal regions of FOXP1 mono-
mer, and dimer with low NOE values showed distinc-
tive backbone flexibility, which was consistent with
the NMR structure of FOXP1. The average NOE val-
ues of monomer and swapped dimer were the same.
The hinge region with the residues T35-A46 was the
only region that had a higher NOE value on the for-
mation of dimer. It is consistent with the formation of
a short o helix in this region.

The square of the generalized order parameter
(S?), the effective internal correlation time (t,), and

Chu et al.

a conformational exchange broadening parameter
(Rey) for each backbone amide NH vector were deter-
mined using the model-free formalism. The relaxa-
tion data of FOXP1 monomer and dimer were ana-
lyzed with the isotropic and axially symmetric
models, respectively. The optimized values of 1, for
FOXP1 A39P/C61Y and C61Y mutants were deter-
mined to be 8.6 and 14.0 ns. The obtained diffusion
tensors of FOXP1 A39P/C61Y and C61Y mutants
were symmetric with D,/D;, = 1.19 and 1.38. These
results were consistent with our structural analysis:
FOXP1 A39P/C61Y mutant’s tertiary fold had a
globular shape; FOXP1 C61Y mutant’s had an elon-
gated shape.

The optimized values of S2, 1., and R, for
FOXP1 A39P/C61Y and C61Y mutants are shown in
Figure 8. The average S? values of FOXP1 A39P/
C61Y and C61Y mutants are 0.88 and 0.85, respec-
tively. The S2 values of N-terminus, wing 1 region,
and C-terminus of both FOXP1 conformers were
lower than the average value, suggesting that these
regions were flexible in both forms of FOXP1 [Fig.
8(A)]. These regions also exhibited the motion on the
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Figure 7. Comparison of the relaxation parameters of FOXP1’s two mutants: A39P/C61Y (®) and C61Y (O). (A) 1TH-15N
steady-state NOE with error. (B) Longitudinal relaxation rates (R1) with error. (C) Transverse relaxation rate (R2) with error.
Schematic representations of the secondary structures of the A39P/C61Y and C61Y mutants of FOXP1 are shown at the top.
M and D represent the monomer and swapped dimer, respectively.

ps-ns timescale [Fig. 8(B)]. A comparison of the S?
values of FOXP1 monomer and dimer shows that
the secondary structure elements of FOXP1 dimer
are more flexible than those of monomer (Table II).
This is consistent with trends in the temperature
factors within the crystal structure of FOXP2 (Sup-
porting Information Fig. S5). We also found that the
W1 region had the largest change. The analysis
showed that H3, the DNA-recognition helix, and H2
of both FOXP1 conformers exhibited a slow confor-
mational exchange motion on the ps-ms timescale
[Fig. 8(C)]. The S? values of the A39 and Y61 resi-
dues of dimer were 0.64 and 0.72, which were lower
than the average value of 0.85. In particular, the
A39 residue of FOXP1 dimer has a lower parameter
with internal motion on the ps-ns timescale. The
Y61 residue also exhibited conformational exchange
in both conformers. The R, value of the Y61 residue
in dimer was 12.09 s~!, which was much larger than
that of monomer with the value of 3.24 s~ !. The
major difference between monomer and dimer was a
slow conformational exchange motion on the ps-ms
timescale. The hinge region of the monomer exhib-
ited a slow conformational exchange motion on the
pus-ms timescale; and the R., values of F38 and R43
were 11.58 and 10.28 s™!, respectively [Fig. 8(C)].
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Comparison of dynamical properties of FOXP1
and other winged-helix proteins

Backbone dynamics of many winged helix proteins
and a forkhead protein, FoxD3, were determined
using NMR spectroscopy.*’ Although backbone dy-
namics of FOXP1 and FoxD3 were very similar,
some differences were found. Their N-terminus,
wing 1 region, and C-terminus were flexible with
low S? values and with the motion on the ps-ns
timescale. The major difference was found from the
regions involved in a motion on the ps-ms timescale.
Two regions of FoxD3, the linker regions between S1
and H1 and between H2 and H3, show considerable
conformational exchange. Three regions of FOXP1—
H2, the hinge region between H2 and H3, and H3—
exhibited a slow conformational exchange motion on
the ps-ms timescale. In particular, the S? value of
the A39 residue of FOXP dimer was 0.64, which was
very low. It also exhibited a fast motion on the ps-ns
timescale. The analysis of all winged-helix proteins
showed that the residues in the hinge region
between H2 and H3 exhibited a slow conformational
exchange motion on the ps-ms timescale. This find-
ing suggests that the hinge region between H2 and
H3 with a slow conformational exchange motion is a
general feature for winged-helix proteins.

Structure and Backbone Dynamics of FOXP1
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Figure 8. Comparison of model-free parameters of the A39P/C61Y mutant (®) and C61Y mutant (O) of FOXP1. Generalized
order parameters S, 1o, and Rey. (A) Generalized order parameter (S?). (B) Effective correlation time (to). (C) Chemical
exchange rate (Rqx). Gaps indicate the proline residues. Only some fitting models resulted in a Ry term. Schematic
representations of the secondary structures of the A39P/C61Y and C61Y mutants of FOXP1 are shown at the top. M and D

represent the monomer and swapped dimer, respectively.

Discussion

The interchange between protein conformers and
the binding of protein to DNA are involved in
dynamic process.*’ ¢ To understand the conforma-
tional interchange of FOXP1, we used size-exclusion
chromatography to determine the monomer—dimer
dissociation constants of FOXP1 and its mutants.
We also used NMR spectroscopy to determine 3D
structure of FOXP1 monomer and backbone dynam-

ics of FOXP1 monomer and domain-swapped dimer.
Dynamics analysis of the monomeric and dimeric
forms of FOXP1 revealed that slow conformational
exchange motion in the hinge region between H2
and H3, particularly in the A39 residue of the dimer
containing fast internal motion, are important in do-
main swapping. The analysis also showed that the
residues exhibiting the motions on the ps-ns and ps-
ms timescales were located at the DNA-binding

Table II. Mean Order Parameters of the Secondary Structural Elements of FOXP1 A39P/C61Y and C61Y Mutants

Secondary structure Number of Number of
elements Position residues® (M)* (S?) (M)P residues® (D)° (S?) (D)
H1 9-18 8 0.95 = 0.02 3 0.88 = 0.05
T1 19-23 4 0.92 = 0.05 3 0.86 = 0.07
S1 24-26 3 0.92 + 0.03 3 0.86 = 0.03
H2 27-37 (27-41)° 8 0.91 = 0.03 13 0.89 = 0.09
H3 45-58 10 0.92 = 0.03 12 0.92 = 0.06
S2 62-65 2 0.94 + 0.05 4 0.92 = 0.07
w1 67-71 5 0.70 = 0.13 5 0.61 = 0.12
S3 72-76 5 0.92 = 0.09 5 0.87 = 0.03
H5 77-82 5 0.92 = 0.02 5 0.85 = 0.08
All 1-87 57 0.88 = 0.12 64 0.85 = 0.14

# Number of residues in each element of secondary structure for which order parameters can be obtained.
® M and D represent monomeric (A39P/C61Y mutant) and dimeric (C61Y mutant) forms of FOXP1.

¢ The positions of amino acid sequence of H2 in swapped dimer.

Chu et al.
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Figure 9. Comparison of the DNA-binding residues and backbone dynamics of FOXP1 monomer. (A) A ribbon illustration of
3D structure of FOXP1 A39P/C61Y mutant highlights the DNA-binding residues, colored in orange. (B) A ribbon illustration of
3D structure of FOXP1 A39P/C61Y mutant highlights the residues with conformational exchange motion (Rex) and internal
motion (1), colored in red and green, respectively. The residues containing both Rex and 1, terms are colored in violet.

surface of FOXP1, indicating the interactions
between FOXP1 and DNA are highly dynamic.

In contrast to the formation of a monomer in
FOXP1 A39P mutant, we found that the correspond-
ing FOXKla P39A mutant at any concentration up
to 2 mM cannot form a dimer. These findings indi-
cate that both alanines’ helix propensity and dynam-
ics properties are important in the formation of a
long 15-residue H2 in the swapped dimer. However,
we cannot rule out the other possibilities: (1) proline
can destabilize the H2 helix formation of the do-
main-swapped dimer; (2) the decrease of interactions
in the dimer can be caused by A39P mutation; and
(3) A39P monomer mutant is more stable than C61S
dimer mutant. Because FOXP1 and FOXP2 share
88% identity, we plotted the potential DNA-binding
residues of FOXP1 using the reported structure of
the FOXP2/DNA complex [Fig. 9(A)]. We found that
the DNA-binding residues V3 and R83 exhibited t.,
and the residues N28, Y31, R43, N50, R53, and S57
contained R., [Fig. 9(B)]. Thus, the residues in the
DNA-binding surface of FOXP1 exhibited the
motions on either the ps-ns or ps-ms timescales.
However, we cannot find any correlation between
backbone dynamics of FOXP1 dimer and its DNA-
binding residues (Supporting Information Fig. S6).
Thus, most of the DNA-binding residues did not
have the motions on the ps-ns and ps-ms timescales.
These findings suggest that the dynamics properties
of winged-helix proteins may also be important in
high-affinity DNA binding.

It is known that three major regions of the
DNA-binding domain of forkhead proteins are
involved in protein and DNA interactions, including
H3, W1, and W2.254748 A sequence comparison of
the DNA-binding domain of forkhead proteins shows
that the hinge region between H2 and H3, the W1
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region, and the C-terminal region are the most
diverse regions [Fig. 1(B)]. Although these noncon-
served regions make fewer contacts with DNA, they
may be important in regulating how the recognition
helix makes specific base contacts with DNA. As
shown in Figure 1(B), the hinge region of H2 and H3
of FoxA3, FoxD3, and FOXP2 formed short a-helices.
In contrast, the region of FOX0O3a containing 12 resi-
dues and FOXKl1a containing seven residues formed
coil structures. In particular, FOXO3a and FOX04
each has an additional five-residue hinge region
between H2 and H3 that exhibits, respectively, a
coiled structure and a short helix. In this study, we
found that the W1 and C-terminal regions are flexi-
ble with the motion on the ps-ns timescale, and the
hinge region between H2 and H3 shows slow confor-
mational exchange motion on the ps-ms timescale.
These findings indicate that not only the conforma-
tions, amino acid compositions, and the lengths but
also the dynamics properties of these regions affect
the affinity and specificity of forkhead proteins.

To date, the FOXP protein family is the only
FOX proteins that can form a domain-swapped
dimer.?® In this study, we found that the mutation of
C61 to Y caused a 12-fold increase in the formation
of monomer, suggesting that the hydrophobic inter-
action may be important. The formation of FOXP1
monomer is stabilized by the hydrophobic interac-
tions among the residues Y9, L12, 113, and I17 in
H1; the residues 127, 130, and F34 in H2; the resi-
dues W48 and V52 in H3; the residue F62 in S2;
and the residue W73 in S3. The packing between H1
and H5 is also stabilized by the hydrophobic interac-
tions between the residues S11 and R14 in H1 and
the residues F80 and Q86 in H5. Interestingly, the
comparison of chemical shift perturbation between
wild-type and C61Y mutant of FOXP1 shows that
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the H59-Y61, F62, and V75-R83 regions (located at
the H3-S2 hinge region), S2, and C-terminal region
exhibit large chemical shift perturbation (Supporting
Information Fig. S7). These findings show that the
hydrophobic interactions among three o-helices,
three B-strands, and C-terminal region are impor-
tant for the formation of monomer. It was reported
that the A51T mutation, a disease-causing mutation
in FOXP3, used a y-methyl group packed against Y9
of H1.'2% This is very similar to the interactions
between A10 and Y61, leading to the increase in
monomer formation. The disease caused by the
A51T mutation may affect not only its DNA binding
but also its monomer—dimer equilibrium.

Winged-helix/forkhead proteins have
binding specificity to the core sequence, 5-(T/C)(A/
C)AA(C/T)A-3’, and the conserved amino acid
sequences are found from the DNA-recognition he-
1ix.56344% This raises an intriguing question about
how forkhead proteins use conserved residues to rec-
ognize distinct DNA core sequences. Many reports
show that the nonconserved elements—including the
hinge region between H2 and H3, the W1 region,
and the C-terminal region—make fewer contacts
with DNA; however, they are important in regulat-
ing the interactions of the recognition helix with
specific base contacts of DNA. In our study, we found
that these regions are very dynamic, leading to the
diversity in the conformations of these regions.
Thus, both the flexibility and the conformations of
these regions may be important in regulating the
binding of forkhead proteins with DNA.

In conclusion, we have determined 3D structure
of FOXP1 monomer and backbone dynamics of
FOXP1 monomer and dimer. Gel filtration analysis
shows that FOXP1 existed as a mixture of monomer
and dimer with a monomer—dimer dissociation con-
stant of 27.3 puM. Dynamics analysis of FOXP1
monomer and dimer shows that slow conformational
exchange motion in the hinge region between H2
and H3—particularly internal motion on the ps-ns
timescale in the A39 residue of the dimer—are im-
portant in domain swapping. The analysis also
showed the residues exhibiting the motions on the
ps-ns and ps-ms timescales were located at the
DNA-binding surface of FOXP1, indicating the bind-
ing of FOXP1 to DNA is highly dynamic. The H2-H3
hinge region, the W1 region, and the C-terminal
region are the most dynamic regions regarding the
diversity in conformations and amino acid composi-
tions. We postulate that not only the conformations,
amino acid compositions, and the lengths but also
the dynamics properties of these regions affect the
affinity and specificity of forkhead proteins—DNA
interactions. This study provides a new insight into
how the dynamic properties of the nonconserved
regions of forkhead proteins may regulate their
DNA-binding specificities.

similar

Chu et al.

Materials and Methods

Protein expression and purification

A synthetic gene coding the forkhead domain of
FOXP1 was made by eight primers with an overlap-
ping oligonucleotide strategy using polymerase chain
reaction (PCR). It was amplified by PCR with sense
primer 5'-CATGCCATGGAAGTTAGACCACCATTTA-
CATATGCATCT-3" with Ncol recognition and anti-
sense primer 5-CCCAAGCTTCTAGTAGGCGTGGC
TGCTCTGCAT GTTTTTAAT-3' with HindIII recog-
nition. No additional amino acid residues were
added into recombinant FOXP1 with these primers.
“We designated the residue A462 of FOXP1 as Al
for purposes of comparison.” The gene was then used
to produce the DNA fragment encoding the residues
A462-K548 of the forkhead domain, and its C61S,
C61Y, A39P/C61S, and A39P/C61S mutations were
produced using overlap extension PCR, and they
were expressed to increase the stability of FOXP1.%°
These genes were cloned into the pET21d(+) vector
(Novagen, San Diego, CA). The recombinant plas-
mids were transformed into the E. coli BL21(DE3)-
pLyS strain, and the system was inducibly expressed
under the control of a strong T7 promoter. The cells
were grown to Agyo = 0.5-0.8 at 37°C in 2 L of M9
minimal medium, and the cells were then incubated
in fermentor with 1 L of fresh M9 minimal medium.
Protein was induced with 1 mM of isopropyl-1-thio-
B-p-galactopyranoside (IPTG) for 3-5 h. The cells
were harvested by centrifugation and lysed by liquid
shear with a French press to obtain the extract. The
proteins were purified by SP-cation sepharose
(Amersham Biosciences, Piscataway, NJ) and further
purified by reverse-phase C18 high-performance lig-
uid chromatography (HPLC) with a gradient of 30—
40% acetonitrile. The solution of protein was lyophi-
lized and kept at —80°C before use.

The forkhead domain of FOXP1 from A462 to
Y565 was expressed with pET21 vector in E. coli.
However, the protein was formed inclusion body and
cannot be dissolved using a high salt buffer. In con-
trast, FOXP1’s residues from A462 to K548 existed
as a soluble form. Recombinant FOXP1 and its
mutants were precipitated at the concentration of
0.5 mM in phosphate buffer at pH 7.4. It was
reported that the addition of arginine and glutamate
can be used to solublize proteins in solution.?” We
also found that recombinant FOXP1 was soluble up
to the concentration of 2.5 mM with a buffer system
containing 50 mM NaCl, 25 mM MgCly, 50 mM argi-
nine, 50 mM glutamate, and 20 mM phosphate
buffer at pH 5.5.

Mass spectrometric measurements

The molecular weights of proteins were confirmed
using an API 365 triple quadruple mass spectrome-
ter equipped with a TurbolonSpray source (PE Sciex,
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Thornill, Canada). Infusion of protein solutions
(1~10 pM in 50~90% methanol or acetonitrile with
0.1% formic acid) into the mass spectrometer was
performed using a syringe pump (Harvard Appara-
tus, South Natick, MA) at a flow rate of 12~20 uL/
min to acquire full scan mass spectra. The electro-
spray voltage at the spraying needle was optimized
at 5000~5300 V. The molecular weights of proteins
were calculated by a computer software provided
with the API 365 mass spectrometer. The experi-
mental molecular weights of the forkhead domain of
FOXP1 and its mutant were determined with the
deviations less than 1 Da when compared with theo-
retical values. For example, the experimental molec-
ular weight of wild-type FOXP1 was 10440.1, which
is similar to the calculated value of 10441.0.

NMR sample preparation

M9 minimal media was used to produce °N- and
15N/13C-labeled FOXP1 proteins. One gram/liter
15NH,CI1 (98% °N) and/or two grams/Liter [**C]-glu-
cose (99% 13C) were substituted for the unlabeled
compounds in the growth media. Selective [a-°NJ-A-,
-V-, or -K-labeled proteins were prepared using the
protocol described by McIntosh et al.’* NMR samples
were prepared in 20 mM sodium phosphate buffer at
pH 5.5 containing 50 mM NaCl, 25 mM MgCl,,
50 mM arginine, and 50 mM glutamate with 10 or
100% D50. NMR experiments were recorded with
1.3-2.5 mM of C61Y mutant and 0.7-2.5 mM of
A39P/C61Y mutant. Monomer and dimer of C67Y
mutant were separated by Bio-Gel P-30 size-exclu-
sion chromatography. The separated dimer fractions
were collected for NMR analysis.

Size-exclusion chromatography analysis

The relative ratios of FOXP1 monomer and dimer
were analyzed by Bio-Gel P-30 size-exclusion chro-
matography (Bio-Rad, Madrid, Spain). The lyophi-
lized FOXP1 proteins were dissolved in a solution of
50 mM NaCl, 25 mM MgCly, 50 mM arginine, 50
mM glutamate, and 20 mM phosphate buffer at pH
5.5 to avoid protein solubility and stability prob-
lem.3” The zymogen form of streptopain (40.3 kDa),
mature form of streptopain (27.5 kDa), and cyto-
chrome ¢ (12.3 kDa) were used as molecular weight
standards for the analysis. The concentrations of
0.0171-0.171 mM of FOXP1, 0.0128-0.9465 mM of
C61S mutant, 0.0635-1.208 mM of C61Y mutant,
0.5-2 mM of A39P/C61S mutant, and 0.5-2 mM of
A39P/C61S mutant were incubated at 37°C before
the analysis. A total of 750 pL protein solution was
applied to the column. The monomer—dimer dissocia-
tion constants of FOXP1 and its mutant proteins
were calculated using the formula: Ky=[monomer]?/
[dimer]. We also carried out the analysis at pH 7.4,
and the results were the same.
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Differential scanning calorimetry

Calorimetric measurements were carried out with a
VP-DSC (Microcal, LLC DSC, GE Healthcare Bio-
Sciences). Temperature scans of wild-type FOXP1
and its C61S, C61Y, A39P/C61S, and A39P/C61Y
mutants were performed from 15 to 85°C at a scan
rate of 60°C/h. The protein concentration was 0.1
mM with a buffer containing 20 mM phosphate, 50
mM NaCl, 25 mM MgCl,, and 5 mM (tris(2-carbox-
yethyl)phosphine) at pH 5.5. The protein samples
were incubated 0, 7, or 15 days before each run. At
least three repetitions per experiments were taken,
and two experiments were repeated twice. Data
analysis was performed with ORIGIN software (ver-
sion 7) from Origin Lab. The heat capacity of the
protein in the initial state was subtracted from the
raw signal and corrected for the buffer contribution
to obtain the thermograms, C, —
curves.

»N versus T

Fluorescence measurements

The interactions between FOXP1 proteins and DNA
were analyzed using tryptophan and tyrosine fluo-
rescence of FOXP1, and the spectra were recorded
on a Perkin Elmer Luminescence spectrometer LS
45. Binding reactions were performed at 25°C in a
total volume of 1 mL in 20 mM phosphate buffer,
100 mM NaCl, 10 mM MgCl,, and 1 mM DTT at pH
7. A concentration of 2 pM FOXP1 A39P proteins
was titrated with a stock solution of 12 uM 5-AAC-
TATGAAACAAATTTCCT-3' DNA duplex. The sam-
ples were excited at 285 nm and were measured
from 300 to 500 nm. The maximum fluorescence at
367 nm was used to determine the dissociation con-
stant. Maximum fluorescence (Qmax) Was defined as
the unliganded fluorophore and observed fluores-
cence (Q,ps) was defined as the liganded fluorophore.
Percentage decrease from maximum [(1 — (Qps/
Qmax)) X 100%] was calculated from corrected data®®
and further normalized by defining the final satu-
rated titration fluorescence as 100% quenching.
Binding affinity was calculated by using the Lang-
muir binding equation, Y = (Bpaxx X)/(Kq + X) and
the GraphPad Prizm 3.0 software, where Bp.. is
maximal binding, and X is total DNA concentration
in molarity.?®

NMR spectroscopy

All NMR spectra were acquired at 27°C on a Bruker
Avance 600 spectrometer equipped with pulse field
gradients and xyz-gradient triple resonance probes.
Experiments of HNCA, HN(CO)CA, HNCACB,
CBCA(CO)NH and '°N-edited TOCSY-HSQC and
NOESY-HSQC were carried out for the purpose of
proton, carbon, and nitrogen resonance assign-
ments.’* % 2D TOCSY and NOESY experiments
with an unlabeled sample in D50 provided the basis
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for aromatic proton assignments and hydrogen bond
determination.’” Distance restraints were obtained
from 3D '°N-edited and '°C-edited NOESY-HSQC
with mixing times of 100 and 120 ms. HNHA experi-
ment was performed to measure 2Jy, coupling con-
stants and obtain dihedral angles.’® The ¢ and 6
backbone dihedral angles were also calculated by
TALOS program.®® Data were processed and ana-
lyzed using the Bruker TOPSPIN 1.3 and Aurelia
programs.

Chemical shift perturbation was used to deter-
mine the difference between FOXP1 C61Y and
A39P/C61Y mutants. The weighted average change
in the chemical shift of the amide nitrogen and pro-
ton atoms was measured through 'H-'°N HSQC
spectra and treated according to the equation®®:

AS = {[0.02 x (Adx)? + 0.5 x (Ady)?Y?%},

where Ady and A8y represent respectively the
changes in nitrogen and proton chemical shifts (in
parts per million).

Structure calculations

The software X-PLOR Version 3.851 was used to cal-
culate the solution structure of FOXP A39P/C61Y
mutant using the hybrid distance geometry-dynamic
simulated annealing method.’"*2 The cross-peak
intensities of resonance assignments were classified
into strong, medium, and weak. These intensities
were further converted into distance restraints of
1.8-2.8, 1.8-3.6, 1.8-5, and 2.3-6 A, respectively.
Pseudoatoms of methylene, methyl, and aromatic
protons were corrected by adding a further 0.5 A to
the upper limit distances involving methyl protons.
The dihedral angles ¢ were determined from the
3Jnm. coupling constants.’® For 3Jyp, values less
than 5 Hz, ¢ values were restricted from —25° to —
95°; and for Jyu, values greater than 9 Hz, ¢ val-
ues were restricted from —-100° to —170°. Backbone
hydrogen bonds within the antiparallel pB-sheets
were identified according to the criteria previously
laid out.®® Two restraints were used for each
NH—CO backbone hydrogen bond with dyn—o re-
stricted to 2.4-3.3 A and dyg—o to 1.7-2.3 A. A total
of 100 structures were generated using NOE dis-
tance, dihedral angle, and hydrogen bond restraints.
During the first phase of dynamics at 2000 K, the
value of the force constant of the NOE term was
kept constant at 50 kcal mol™* A2 The repulsion
term was gradually increased from 0.03 to 4.0 kcal
mol ! A72, and the torsion angle term from 5 to 200
kcal mol™! rad™2. The simulated annealing refine-
ment consisted of a 9-ps cooling dynamics and then
200 cycles of Powell minimization. The twenty low-
est-energy structures were accepted based on viola-
tions of distance restraints smaller than 0.5 A, dihe-
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dral angle restraints smaller than 5°, a van der
Waals energy cut-off value of 35 kcal/mol, and an
NOE energy cut-off value of 55 kcal/mol. The struc-
ture figures were prepared using the MOLMOL and
PyMOL programs.®45°

NMR relaxation measurements

Backbone dynamics of FOXP1 C61Y and A39P/C61Y
mutants were determined by two-dimensional pro-
ton-detected heteronuclear NMR spectroscopy. NMR
relaxation data were collected at 300 K. The ?N-R;
and '°N-R, relaxation rates and steady-state 'H-°N
NOEs were performed as described by Farrow et
al.%%%7 A relaxation delay of 6 s was used for all
relaxation experiments, and the spectra were
recorded as 512 x 2 K complex matrices with 16
scans per F; experiment. Spectral width of 1946 and
7184 Hz were used in F; and Fs, respectively. A total
of 10 data sets were collected to measure R; of
FOXP1 A39P/C61Y mutant with the delay values of:
30, 100, 300, 500, 650, 800, 900, 1000, 1500, and
3000 ms and R; of C61Y mutant with the delay val-
ues of 2, 120, 240, 360, 480, 600, 720, 900, 1020, and
1290 ms. A total of 10 data sets were collected to
measure Ry of FOXP1 A39P/C61Y mutant with
delay values of 20, 40, 60, 80, 100, 120, 150, 200,
300, and 250 ms and R, of C61Y mutant with the
delay values of 2, 20, 35, 50, 70, 85, 100, 120, 135,
and 150 ms. The longitudinal and transverse relaxa-
tion rate constants, R; and R,, were obtained from
exponential fits of the peak height data using least-
squares fit software SigmaPlot (Jandel Scientific
Software, San Rafael, CA). In NOE experiment, two
spectra (one with the NOE and one without) were
collected. The NOE effect was calculated as the ratio
of peak heights in spectra collected with and without
NOE. The reported NOE value was the average
value from three pairs of NOE experiments. The
reported R; values are the mean values of at least
two independent data sets. A relaxation delay of 6 s
was used, and 256 complex ¢; increments of 32 scans
were acquired.

The model-free analysis

The heteronuclear °N relaxation rate constants, R;
and Ry, and the 'H-'N steady state NOE values
were analyzed using the FASTModelfree program.®®
This program is based on the model-free formalism
that was pioneered by Lipari and Szabo.®®"° In this
approach, the overall and internal molecular
motions were assumed to be independent, and the
spectral density function for a molecule undergoing
isotropic tumbling was calculated using the appro-
priate expression,

J(0) = 2/5((S*tw /(1 + (0Tm)’])
+(Sf = S%1/[1+ (1))
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where 1/1 = 1/1,, + 1/1, and S2 = SES%, Tm 1s overall
rotational correlation time of the molecule, 1. is the
effective correlation time for the motions on the
slower of the two time scale, S% is the square of
the generalized order parameter, and S2 and S% are
the squares of order parameters for the motion
on the fast and slow time scales, respectively.

The N relaxation parameters were analyzed
according to the following criteria: the residues with
large amplitudes in molecular motions were
excluded in the diffusion tensor calculations, and the
residues with significant internal motions on ps-ns
time scales were not included in calculations when
the residues exhibited 'H-'>N NOE less than 0.65.
The program models of each N—H bond, R;, Ra,
and NOE parameters were available, consist of the
following extended model-free parameters: (1) S%; (2)
S% 1o = 15 (8) 8% Rey; (4) 82, 1, = 15, Rey; and (5) S2,
Sf, To = Ts. The dynamic model describing internal
motion was selected in a residue-specific manner,
and the numerical optimization procedure described
by Mandel et al. was used to estimate the involved
parameters for the model.”* The program QUADRIC
DIFFUSION was used to calculate the diffusion ten-
ors of C61Y mutant for axially symmetric motional
models from experimental °N spin relaxation
data.” All optimization procedures were involved in
the minimization of the %2 function.”

Protein Data Bank accession number

The coordinates of 20 calculated structures of
FOXP1 A39P/C61Y mutant have been deposited in
the Protein Data Bank under the accession number
2kiu.
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