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Structural Analysis of Disease-Causing Mutations in the
P-Subfamily of Forkhead Transcription Factors
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ABSTRACT Mutations in a number of fork-
head transcription factors are associated with the
development of inherited diseases in humans. Two
closely related genes, FOXP2 and FOXP3, are impli-
cated in two completely different human disorders.
A point mutation in the forkhead domain of FOXP2
(R553H) is responsible for a severe speech and
language disorder, while a series of missense muta-
tions distributed over the forkhead domain of FOXP3
cause a fatal disorder called IPEX, characterized by
immune dysregulation, polyendocrinopathy, and en-
teropathy. Homology model building techniques
were used to generate atomic structures of FOXP2
and FOXP3, using the solution structures of the
forkhead domain of the adipocyte-transcription fac-
tor FREAC-11 and AFX as templates. The impact of
these disease-causing missense mutations on the
three-dimensional structure, stability, and surface
electrostatic charge distribution of the forkhead
domains is examined here. The missense mutations
R553H in FOXP2 and R397W in FOXP3 dramatically
alter the electrostatic potentials of the molecular
surface of their respective forkhead domains.
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INTRODUCTION

Transcription factors are multidomain proteins, often
classified based on the conserved structural motif in their
DNA-binding domain. The forkhead domain was first
identified as a region of homology between the rat hepato-
cyte nuclear factor 3 and the Drosophila melanogaster
transcription factor Forkhead.! Since then, transcription
factors containing the forkhead domain have been identi-
fied in a variety of eukaryotic organisms, from yeast to
human.? The forkhead domain contains an ~110-residue
conserved DNA-binding region that regulates expression
of the downstream genes through sequence-specific DNA
recognition. Members of the forkhead family of transcrip-
tion factors play a critical role in diverse developmental
processes, including pattern formation, signal transduc-
tion, and regulation of tissue-specific cellular differentia-
tion and proliferation.

The three-dimensional (3D) structures of the forkhead
domains of HNF-3 (FoxA3), Genesis (FOXD1), AFX,
FREAC-11, and ILF-1 have been solved experimentally.®~”
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The conserved forkhead domain belongs to the winged
helix superfamily of transcription factors. This DNA-
binding motif is a variant of the helix-turn-helix (HTH)
fold, consisting of 3 a-helices and 2 large loops forming
“wing” structures. The major a-helices pack against each
other to form the HTH core. This core rests above a small,
antiparallel B-sheet from which two loops emerge. The
highest degree of sequence conservation in the forkhead
domain is found within the helical regions, most noticeably
within the third helix. DNA binding occurs mainly through
interaction with the third helix; these interactions involve
the major groove of the target DNA. The winged regions of
the forkhead domain also participate in DNA recognition.?

A number of forkhead transcription factors have been
implicated in the development of diverse inherited disor-
ders in human. Mutations in FOXC1 and FOXE3 are
associated with various developmental defects in the ante-
rior segment of the eye.®7'° FOXL2 mutations cause
various eyelid defects, sometimes associated with ovarian
failure.'*'? FOXC2 mutations lead to lymphedema of the
limbs and double rows of eyelashes.'®'5 All four of these
disorders involve patterning defects in eye development.
Disruption in other two-forkhead domain transcription
factors lead to immune dysregulation: FOXP3 mutations
lead to IPEX,*®1® and FOXN1 mutations lead to T-cell
immunodeficiency.'® Mutations in FOXE1 cause thyroid
agenesis, cleft palate, and choanal atresia.?’ Finally, a
point mutation in the FOXP2 gene cosegregates with a
severe speech and language disorder; patients with this
disorder have impaired orofacial movements, as well as
grammatical and linguistic deficits.?"-?2

In this article, we present models of the forkhead
domains of FOXP2 and FOXP3 that have been generated
using standard molecular modeling techniques. The homol-
ogy observed within the forkhead family is relatively high,
allowing for reliable structure determination. The models
were analyzed based on known experimental information,
as well as potential interaction surfaces suggested by
conserved exposed residues. The effects of the disease-
causing mutations of FOXP2 and FOXP3 on the 3D
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regions where mutations have been documented in the literature.

structures of their respective forkhead domains were
examined to gain insight into the underlying causes
leading to these disorders.

METHODS

Homology Model Building

Threading experiments were performed by the method of
Bryant and Lawrence,?® with detailed derivations and meth-
odology provided therein. Each query sequence was threaded
through the atomic coordinates of the solution structure of
the forkhead domain of FREAC-11.2 Three core segments
were defined based on the 3D structure. For each possible
alignment, individual pairwise residue interactions were
determined based on chemical type and distance intervals,
lookup tables for which are present in Bryant and Law-
rence.”® Using these values, a conformational energy AGy,,,
defined as the expected work for substitution of a specific
sequence R for a random sequence with the same composi-
tion in the context of folding motif M, was then calculated for
each alignment. Z-scores (Zz,) and chance occurrence prob-
abilities (Egp,) were calculated to compare conformational
energies for different alignments. Chance occurrence prob-
abilities give the odds that a random sequence of the same
length and amino acid composition would yield a threading
energy as low as the query sequence R. Calculations of
energies and statistical significance were performed using C
and S-PLUS subroutines.?® Critical interactions are defined
as those having a pairwise interaction energy =—1 kcal/mol.
All energy scaffold figures were generated using the GRASP
software package.?*

Modeling of the forkhead domains of FOXP3 and FOXP2
was based on the solved structures of FREAC-11
(pdb|1D5V) and AFX (pdb|1E17). Multiple-sequence align-
ments were generated using ClustalW,2® followed by
manual adjustment in order to better align gaps found
outside of the structured regions of the experimentally
solved structures. Model building was performed using the
MODELLER package,?® as implemented through Insight
II (Accelrys, San Diego, CA). The MODELLER program
was run in fully automated mode with a high optimization
level in order to construct a minimized 3D model of the
target sequence by satisfaction of spatial restraints ex-
tracted from the template Protein Data Bank (PDB) files.
Three models were generated for each of the target se-
quences. The stereochemistry and geometry of the models
were checked using PROCHECK.2” The model with the
best parameters, as determined by PROCHECK, was used
for building mutant models.
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Missense mutations in the forkhead domains associated with inherited human disorders. The schematic representation includes only the

Electrostatic Surface Potential

The electrostatic surface potentials for the molecular
models were calculated using Delphi®*® and visualized
using GRASP.?*

Phylogenetic Analysis

Phylogenetic trees for all forkhead P proteins were
constructed using algorithms contained within the PHYLIP
Phylogeny Inference Package, version 3.5¢.2° PROTDIST
was used on these sequences to calculate a distance matrix
according to the Dayhoff PAM probability model. The
computed distances represent the expected fraction of
amino acid substitutions between each pair of sequences.
The distance matrix was then used to estimate phylog-
enies using the neighbor-joining (NJ) method.>° Bootstrap-
ping was carried out using SEQBOOT (100 replicates).
CONSENSE was used to compute the consensus tree by
the majority-rule method. The final unrooted tree diagram
was generated using Treetool (http:/ftp.sunet.se/pub/
science/molecular_biology/unix/treetool/).

RESULTS AND DISCUSSION

The Online Mendelian Inheritance in Man database
(OMIM; http://www.ncbi.nlm.nih.gov/omim) describes sev-
eral mutations in forkhead transcription factors that lead to
numerous diverse pathological conditions. The disease-
causing mutations identified in FOX genes include frame-
shift and nonsense mutations that yield truncated protein
products lacking the forkhead domain, as well as missense
mutations that result in substitution of residues in the
forkhead domain. A graphical representation of all docu-
mented forkhead domain missense mutations identified in
human disorders is shown in Figure 1. It is difficult to explain
the biological dysfunction caused by changes as subtle as
single-site amino acid residue replacement without directly
examining the actual 3D structure of the affected protein.
However, the availability of experimentally determined struc-
tures of these forkhead domains allows for the assessment of
the effect of point mutations on its structure. Previous work
from this group involved the characterization of 5 disease-
causing missense mutations (S82T, I87M, F112S, 1126M,
and S131L) in the forkhead domain of FOXC1.5 Molecular
modeling of FOXC1 predicted that these missense mutations
did not destabilize the structure of the forkhead domain; all
mutant proteins were correctly expressed and localized to the
nucleus, but they introduced subtle changes that interfered
with DNA binding or transactivation. We have extended the
structural aspects of the study in order to better understand
the effect of recently identified missense mutations in FOXC1
(manuscript in preparation), FOXP2, and FOXP3.
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Fig. 2. Phylogenetic relationships between members of the P-type forkead transcription factors. This
unrooted neighbor-joining tree relates the amino acid sequences of the forkhead domains of P-type proteins
from human (h), gorilla (gg), chimpanzee (pt), orangutan (pp), monkey (mm), mouse (m), fruit fly (d), and worm
(c). Major groupings (P1, P2, P3, and P4) are indicated by color codes. Accession numbers are shown for each
sequence; many of these sequences are unnamed but belong to this family.
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Fig. 3. Multiple-sequence alignment of forkhead domains of selected proteins. The sequences shown in single-letter amino acid codes are from
human FOXP1 (Q9H334), FOXP2 (015409), FOXP3 (Q9BZS1), HNF3y (P55318), AFX (P98177), and FREAC-11 (Q99958). Amino acid residues
showing absolute identity among these proteins are shown in white against a blue background; those positions with conservative substitutions are shown
with a yellow background. The missense mutations of FOXP2 and FOXP3 analyzed in this study are shown as color-coded filled circles above the
alignment. The positions of the four a-helices defined in the solution structure of human FREAC-11 are schematically represented in the bar below the
alignment. ALSCRIPT was used to format the alignment.®*
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Forkhead P Proteins

The forkhead family of transcription factors is charac-
terized by a common, 100-residue-long DNA-binding
domain known as the forkhead domain. A search of the
SMART domain database®' (http:/smart.embl-heidel-
berg.de) using the sequence of human FOXP3 as the
query revealed the presence of an additional zinc finger
domain in this protein. The other two known human
P-type proteins (FOXP1 and FOXP2) also contain the
additional zinc finger domain, located N-terminal to the
forkhead domain. A total of 29 proteins having a similar
domain organization of zinc finger and forkhead do-
mains were identified. After eliminating fragments and
duplicate sequences, 15 unique sequences from 8 species
were obtained. A phylogenetic analysis of these 15
sequences identified a novel cluster belonging to FOXP4-
type proteins (Fig. 2, shown in red). The forkhead
domains of the P-type proteins show a high sequence
similarity (80% sequence identity between Drosophila
and human FOXP1 proteins). Since there is only one
P-type protein in Drosophila and at least 4 in mammals,
this subfamily may have expanded in order to accommo-
date higher order functions.

Sequence Alignment

The success of homology modeling is critically depen-
dent on a reliable alignment between the target sequences
and appropriate structural templates.®? To date, high-
resolution 3D structures of the DNA-binding domain for 5
different forkhead transcription factors (FREAC-11,%> AFX,*
HNF3-v,5 ILF-1,” and Genesis®) have been experimentally
determined. Sequence similarity searches of the P-type
proteins showed that their similarity to the experimen-
tally solved structures of the forkhead domain ranges from
39% to 50%. A multiple-sequence alignment of the DNA-
binding domains of P-subfamily members, along with
forkhead domains for which 3D structures are available,
indicates a high degree of sequence conservation within
the forkhead family; the conservation is greatest within
the structured regions (Fig. 3, blue positions).

The forkhead domains of FOXP3 and FOXP2 have the
highest similarity with the known structure of AFX at the
sequence level (50% and 47% identity, respectively). Com-
pared to the structures of all the other forkhead domains
(FREAC-11,> HNF3-v,* ILF-1,” and Genesis®), AFX has an
insertion in the loop region preceding helix 3 (Fig. 3). This
insertion is also absent from P-type forkhead proteins. In
spite of the 5 amino acid residue insertion in the second
major loop region, the structure of AFX1 is remarkably
similar to the structures of HNF3-y and FREAC-11, with a
root-mean-square deviation (RMSD) for residues in the
regular secondary structures of 0.6 and 0.7 A, respec-
tively.* The forkhead domain of FREAC-11 has 46%
sequence identity with that of FOXP3, and without any
insertions through all the secondary structural elements
except for the loop region preceding the last beta strand
(Fig. 3). Considering the sequence and structural similari-
ties, AFX (pdb|1E17) and FREAC-11 (pdb|1D5V) were
selected as structural templates to build atomic models of
FOXP3 and FOXP2.
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Threading Analysis of P-Type Forkhead Domains

Molecular models were generated for the FOXP2 and
FOXP3 forkhead domains using threading algorithms
developed by Bryant and Lawrence.?® The 3D structure of
the forkhead domain of the adipocyte transcription factor
FREAC-11® was used as a template for the threading
analysis (see Methods section). All possible placements of
the core segments of the template structure along the
query sequence, given the constraints of sequence length,
core segment length, and limits of loop length, were
considered. Threading contact energies were corrected for
sequence composition bias by random shuffling of the
aligned residues to generate composition-corrected thread-
ing scores (Zg5,). To evaluate the statistical significance of
computed threading scores, 100 random permutations of
the query sequence were generated, and the alignment
optimization procedure was then repeated on these now-
shuffled sequences. Based on this collection of scores, the
probability (Eg,) that the threading score for a query
sequence would be observed purely by chance was calcu-
lated. A summary of the threading results is shown in
Table I. Considering the wild-type data for P-subfamily
members and FREAC-11, the conformational energies
show only a slight difference (~1 kcal/mol). More impor-
tantly, the probability values (E,,) both meet the statisti-
cal criteria of being =0.05 (5% «-level). As such, it can be
concluded that there is a statistically significant match
between the sequence of FOXP proteins and the structure
of FREAC-11.

Since the threading technique searches for the best align-
ment of sequence to structure, it is possible to represent the
results as a “structural alignment.” The structural alignment
indicates that there is 46% sequence identity between the
FOXP3 and FREAC-11, and 40% sequence identity between
FOXP2 and FREAC-11 in their DNA-binding regions, respec-
tively. In addition, there are many positions that are replaced
by conservative substitutions within the aligned core seg-
ments (Fig. 3, yellow positions). Because of the similarities at
the sequence level and at the structural level, the model
structures of FOXP2 and FOXP3 are deemed to be reliable
ones for understanding the significance of point mutations in
the forkhead region.

Figure 4 shows the energy scaffolds for the P-type
forkhead domains generated in this threading experiment.
The energy scaffolds provide a method for visualizing the
important intramolecular interactions taking place within
a protein. Here, the winged helical bundle is held together
by numerous hydrophobic interactions, represented by the
thick, magenta-colored cylinders. These interactions also
keep the third helix properly positioned for DNA binding.
The residues involved in these intermolecular interactions
are found primarily between the helical interfaces. The
energy scaffolds indicate that the most favorable hydropho-
bic interactions observed involve Leu 12, Ile 13, and Ile 17
in helix 1; Ile 30, Trp 33, and Phe 34 in helix 2; Trp 48, Ile
52, and Leu 56 in helix 3, and Tyr 77 and Trp 78 in the
last B-strand (the numbering is based on the 3D struc-
ture of FREAC-11). The amino acid residues participat-
ing in these critical pairwise interactions are conserved
except for two positions (Trp 33/Phe 34 in P-type pro-
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TABLE 1. Statistics for Optimal Threads of P-Type Forkhead Domains and
Disease-Causing Mutations in FOXP2 and FOXP3

% Sequence % Structure

AGg M Zs) identity identity Ploorm
FOXP3 (WT) 121.1 6.2330 81 83 0.0002
R397TW 115.6 5.9653 81 76 0.0022
A384T 110.8 5.7215 85 79 0.0206
1363V 109.9 5.5449 84 78 0.0189
F371C 110.2 5.6627 80 74 0.0080
FOXP2 (WT) 105.2 5.7408 77 74 0.0146
R553H 108.1 5.7296 87 84 0.0229
FREAC-11 127.9 6.2536 82 82 0.0036

Sums of contact potentials are expressed as a conformational energy AGg|y;, the energy
associated with nonlocal, nonbonded interactions.?® Z scores, in standard deviation units,
represent the variance from the mean of AGy|y. % Sequence identity refers to the fraction of
the target sequence aligned. % Structure identity refers to the fraction of the structural domain
aligned.

Fig. 4. Molecular models of the P-type forkhead domain. (A) The a-carbon backbone of the molecular model of FOXP3 is depicted as a curving
“worm.” Pairwise residue interaction energies between core residues are shown by the width and coloring of the connected a-carbon positions on the
protein backbone. Indicated interactions are limited to those with pairwise interaction energies <—1 kcal/mol. Thick, magenta-colored cylinders indicate
the most favorable interactions. Intermediate cylinder thicknesses represent interactions with lower pairwise energies. Scaffolds were generated using
the graphics program GRASP. (B) Energy scaffolds for the IPEX mutation A384T.

teins are replaced by Phe 33/Ile 34 in FREAC-11). These
data, coupled with the information obtained from the
multiple-sequence alignments of the entire family, indi-
cate that these key amino acid residues are essential in
maintaining the overall fold stability of the forkhead
domains.

Structural Model for FOXP2 and FOXP3

Atomic models for the FOXP2 and FOXP3 forkhead
domains were generated based on the known 3D struc-
tures of FREAC-11 (pdb|1D5V) and AFX (pdb|1E17), that

are most closely related to the P-type forkhead domains.
The structural alignment of the P-type proteins generated
in the threading experiments was used to make the final
alignment for model building. Three different molecular
models for FOXP2 and FOXP3 were generated with the
restraint-based comparative modeling program MOD-
ELLER. Validation of the models was assessed in terms of
divergence from the templates and consensus of the align-
ments using MODELLER target functions (see Supplemen-
tary Material). The model with more than 90% of the core
in the most favorable region in the Ramachandran plot, as
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Figure 5.
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Fig. 6. Molecular models of IPEX mutations. Ribbon model showing
the positions of the residues 1363V, F371, A384, and R397 on the
forkhead domain of FOXP3.

assessed by PROCHECK (see Supplementary Material),
was used for further analysis.

Detailed examination of the models showed that the
maximum variability in the FOXP2 and FOXP3 forkhead
structures is observed in the loop region N-terminal to
helix 3, as well as in the C-terminal end of helix 3. Both of
these regions are critical for DNA recognition. Subtle
alterations in the structures are probably responsible for
the specificity of the individual forkhead domains.

Structural Analysis of a Speech Mutation

A missense mutation in the forkhead domain of FOXP2
(R553H) is responsible for a speech and language disorder
characterized by severe articulation difficulties and deficits
in language processing and grammatical skills. The residue
involved is one of the invariant amino acid residues among
all forkhead transcription factors in all species. In the
molecular model of FOXP2, Arg 553 is located on the third
helix, pointing away from the hydrophobic core [Fig. 5(panel
A)]. Arg 553 is positioned adjacent to a histidine residue that

Fig. 5. Molecular models of R553H mutation. (A and B) Molecular
models showing the positions of Arg 553 and His 553 on the forkhead
domain of FOXP2. (C) Surface electrostatic charge distribution of FOXP2.
(D) Surface electrostatic charge distribution of R553H. (E) Surface model
in panel C is rotated 45° clockwise over the Y axis. (F) Surface model in
panel D is rotated 45° clockwise over the Y axis. Positive potential is
colored in blue; negative potential is colored in red.
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has been shown to make base-specific contacts in DNA-
bound structures of the forkhead domain.” Inspection of the
molecular surface of FOXP2 revealed that Arg 553 clusters
with Lys 549 and Arg 564 to form a positive surface patch on
the DNA-binding face of the forkhead domain. Molecular
models of FOXP2 R553H were generated to analyze the
structural consequences of this mutation. Replacement of
Arg 553 by a histidine residue alters the electrostatic charge
distribution on the DNA-binding surface of the FOXP2
forkhead domain [Fig. 5(panels C-F)]. A net reduction in
positive charge on the DNA binding surface of the R553H
mutant protein may sufficiently alter the determinants
required for DNA binding.

Structural Consequences of IPEX Mutations

The FOXP3 forkhead model was used to predict the
effect of four missense mutations associated with the
lethal developments in IPEX (I363V, F371C, A384T, and
R397W). The location of these mutations on the 3D
model is shown in Figure 6. All of these missense
mutations had threading scores similar to that for
wild-type FOXP3 (Table I), indicating that none of these
mutations significantly destabilized the overall struc-
ture of the forkhead domain. For 1363V, replacement of
the isoleucine in the second helix by valine did not
significantly alter any critical pairwise interactions.
F317C, located in the loop region between the second
and the third helices of the forkhead domain (Fig. 6),
generated threading scores similar to the wild-type
FOXP3 (Table I), as would be expected. A favorable
pairwise interaction between Tyr 342 and Ala 384
(positions 9 and 51 in the forkhead domain) was elimi-
nated in the A384T mutant [wild-type AG = —0.95
kcal/mol, mutated AG = +0.103 kcal/mol; Fig. 4(panel
B)]. However, the loss of this favorable pairwise interac-
tion, in itself, was not sufficient to destabilize the entire
structure of the forkhead domain.

The R397W mutation is located in the conserved
second B-strand N-terminal to the first wing [Fig. 7(panel
A)]. The corresponding position in the AFX and
FREAC-11 templates contain a lysine residue (Fig. 3).
Arg 397 contributes to the positively charged surface
patch on the DNA-binding face of the FOXP3 forkhead
domain [Fig. 7(panel C)]. Substituting the arginine
residue with tryptophan, as seen in the R397W mutant,
leads to a dramatic alteration in surface charge distribu-
tion in FOXP3 [Fig. 7(panel D)]. In particular, note the
loss of the positively charged blue area in the mutant
model [Fig. 7 (panel D)]. This net reduction in positive
charge might interfere with necessary electrostatic inter-
actions between the protein and its target DNA. Addition-
ally, the R397W mutation replaces the longer, more
flexible side-chain of arginine with tryptophan’s much
more rigid, aromatic ring structure [Fig. 7(panels C-D)].
As one would expect, this leads to a significant local
distortion of the protein’s surface. It can be speculated
that the biological processes that involve protein surface
recognition might be impaired by these marked changes
in both charge distribution and surface geometry.
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R3g7W

R3g7TW

Fig. 7. Molecular models of R397W mutation. (A and B) Molecular models showing the positions of Arg 397
and Trp 397 on the forkhead domain of FOXP3. (C) Surface electrostatic charge distribution of FOXP3. (D)
Surface electrostatic charge distribution of R397W. Positive potential is colored in blue; negative potential is

colored in red.

Genomic Perspective

The model-building experiments described in this
study provide additional insight into the understanding
of the structural basis of disease-causing missense
mutations in the P subfamily of forkhead transcription
factors. These findings provide an important comple-
ment to laboratory studies, since they provide a way to
better explain observed clinical phenotypes at a struc-
tural level. In addition, the identification of critical
residues involved in maintaining the stability of P-type
forkhead domains will allow for further study of the
biochemical properties of this and other forkhead pro-

teins through site-directed mutagenesis and other simi-
lar techniques.

In a broader sense, beyond this particular study, the
importance of these types of computational studies to
genomic science in general and to the understanding of
clinical phenotypes in particular cannot be understated.
While OMIM and the literature are replete with informa-
tion on disease-causing mutations, the descriptions of
these mutations are usually purely qualitative. It is quite
rare for characterizations to go beyond a simple statement
that a mutation, deletion, or insertion causes a given
phenotype. The availability of genomic sequence data,



P-TYPE FORKHEAD PROTEIN STRUCTURAL ANALYSIS

along with an ever-increasing number of solved 3D struc-
tures, makes it possible to better understand the putative
effect of such mutations at the structural level. As de-
scribed in the “vision document” recently published to
mark the end of human genome sequencing,®® the poten-
tial of this type of computational approach—and computa-
tional approaches in general—reaches far beyond the
study of basic biological processes, finding applicability as
“cross-cutting tools” that can have a direct, significant
impact on human health.
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Changes in specific pairwise interaction energies resulting from mutating Ala384 to Thr384 in FOXP3

Residue 1 Residue 2 FOXP3 A384T
Ala384 Thr384

Thr341 384 0.059 -0.138
Tyr342 384 0.950 -0.103
Leu345 384 0.601 0.434
Ile346 384 0.424 0.413
Leu360 384 0.318 0.308
Ile363 384 0.342 0.333
Tyr364 384 0.193 0.184
Phe367 384 0.305 0.296




PROCHECK
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Ramachandran Plot

FOXP2.B99990001
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Plot statistics

Residues in most favoured regions [A,B,L] 76 90.5%
Residues in additional allowed regions [a,b,l,p] 6 7.1%
Residues in generously allowed regions [~a,~b,~l,~p] 2 2.4%
Residues in disallowed regions 0 0.0%
Number of non-glycine and non-proline residues 84 100.0%
Number of end-residues (excl. Gly and Pro) 2
Number of glycine residues (shown as triangles) 2
Number of proline residues 3
Total number of residues 91

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected
to have over 90% in the most favoured regions.
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Plot statistics

Residues in most favoured regions [A,B,L] 73
Residues in additional allowed regions [a,b,l,p] 6
Residues in generously allowed regions [~a,~b,~1,~p] 1
Residues in disallowed regions 0
Number of non-glycine and non-proline residues 80
Number of end-residues (excl. Gly and Pro) 2
Number of glycine residues (shown as triangles) 1
Number of proline residues 5
Total number of residues 88

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected
to have over 90% in the most favoured regions.
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P R O C H E C K

FOXP2.B99990001.pdb 2.0

91 residues

Ramachandran plot: 90.5% core 7.1% allow 2.4% gener 0.0% disall

All Ramachandrans: 3 labelled residues (out of 89)

Chil-chi2 plots: 0 labelled residues (out of 56)

Main-chain params: 6 better 0 inside 0 worse

Side-chain params: 5 better 0 inside 0 worse

Residue properties: Max.deviation: 2.7 Bad contacts: 2
Bond len/angle: 6.5 Morris et al class: 1 1 3

G-factors Dihedrals: 0.05 Covalent: -0.23 Overall: -0.05

M/c bond lengths: 98.7% within limits 1.3% highlighted

M/c bond angles: 93.7% within limits 6.3% highlighted

Planar groups: 100.0% within limits 0.0% highlighted

+ May be worth investigating further.

* Worth investigating further.




P R O C H E C K

FOXP3.B99990002.pdb 2.0

88 residues

Ramachandran plot: 91.2% core 7.5% allow 1.2% gener 0.0% disall

All Ramachandrans: 4 labelled residues (out of 86)

Chil-chi2 plots: 0 labelled residues (out of 59)

Main-chain params: 6 better 0 inside 0 worse

Side-chain params: 5 better 0 inside 0 worse

Residue properties: Max.deviation: 2.5 Bad contacts: 2
Bond len/angle: 6.0 Morris et al class: 1 1 2

G-factors Dihedrals: 0.07 Covalent: -0.16 Overall: -0.02

M/c bond lengths: 98.4% within limits 1.6% highlighted

M/c bond angles: 93.9% within limits 6.1% highlighted

Planar groups: 100.0% within limits 0.0% highlighted

+ May be worth investigating further.

* Worth investigating further.




