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Abstract

Neurofibromatosis type I (NF1) and Legius syndrome are rare inherited disorders that share diagnostic
symptoms including dermal abnormalities like axillary and inguinal freckling and café au lait spots. In addition,
patients suffering from NF1 have a demanding risk for the development of severe tumors of the peripheral and
central nervous system among other NF1-specific symptoms. NF1 and Legius syndrome are caused by
alterations in the NF1 and SPRED1 genes encoding the Ras inhibitors neurofibromin and Spred1 (sprouty
related EVH1 domain-containing protein), respectively. Neurofibromin functions as a Ras-specific GTPase-
activating protein (Ras-GAP), and Spred1 enhances Ras inactivation by recruiting neurofibromin from the
cytosol to membrane-anchored Ras. In a previous study, we mapped the Spred binding site to the GAP-
related domain of neurofibromin (NF1-GAP) and identified the GAPex subdomain as critical for Spred1
binding. Here, we characterize the binding site of these proteins in more detail focusing on a mutant Spred1
variant carrying a pathogenic missense mutation (threonine 102 to arginine). Introduction of this mutation,
which locates at the N-terminal EVH1 domain of Spred1, weakens the interaction with neurofibromin by about
3 orders of magnitude without perturbing the protein fold, and the binding site of NF1-GAP on the mutant
Spred1(EVH1) variant can be identified by NMR spectroscopy. Taken together, our data provide structural
insight into the interaction of Spred1 and neurofibromin and characterize the structural or functional
consequence of selected patient-derived mutations associated with Legius syndrome.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

The Ras/mitogen-activated protein kinase (MAPK)
pathway is frequently perturbed in human cancers
due to sporadic or inherited mutations in the genes
encoding the signaling protein components or their
regulators. The protein Spred1 (sprouty related
EVH1 domain containing protein 1) was identified
as a specific inhibitor of the MAPK pathway [1] and
acts as a tumor suppressor in early childhood
malignancies and melanomas [2,3]. Legius syn-
drome is characterized by symptoms including
pigmentary abnormalities like café au lait macules,
and skin freckling and is caused by mutations in the
human SPRED1 gene [4–9]. This phenotype resem-
bles the clinical picture of neurofibromatosis type I
(NF1), an inherited syndrome where patients addi-
r Ltd. All rights reserved.
tionally present with more severe symptoms includ-
ing bone deformations, benign neurofibromas and
an elevated risk to develop malign tumors of the
peripheral and central nervous system [10,11]. The
human NF1 gene, which is mutated in NF1 patients,
encodes the giant (320 kDa) protein neurofibromin,
which functions as a Ras-specific GTPase activating
protein (GAP) that blocks Ras activity in cells.
Beyond its role in neurofibromatosis, NF1 mutations
have also been linked to sporadic malignancies and
neurofibromin has been described as the major
RasGAP in several human tumors [12–17]. Stowe et
al. [18] analyzed the role of Spred1 in the inhibition of
the MAPK pathway and defined a shared molecular
mechanism among the two symptomatically related
diseases NF1 and Legius syndrome. They de-
scribed a cytosolic complex containing Spred1 and
Journal of Molecular Biology (2019) 431, 3889-3899
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neurofibromin, which shuttles to the cell membrane
and enhances inactivation of membrane bound Ras.
Formation of this complex was dependent on the N-
terminal Ena/VASP homology domain 1 (EVH1) of
Spred1, which was demonstrated by using mutant
variants of Spred1 derived from Legius syndrome
patients. Specifically, pathogenic missense muta-
tions on positions of Trp31 [19] and Thr102 [20] lead
to weakening of the interaction below the detection
limit of immunoprecipitation experiments. In a
previous study, we defined the docking site of
Spred1 on the giant neurofibromin protein and
mapped it to the central 36-kDa Ras binding GAP
related domain (also termed GRD) of neurofibromin
[21]. The crystal structure of the neurofibromin(GAP)
domain (NF1-GAP hereafter) consists of a module of
two subdomains, namely, a 25-kDa central domain
(GAPc), which is sufficient and required to bind and
inactivate Ras, and an 11-kDa extra domain
(GAPex), which is not in contact with Ras [22].
GAPex is formed by about either 50 residues that are
located N-terminal and C-terminal to the GAPc
region in the primary sequence and fold into six
helices, and it is structurally conserved in other
RasGAPs including synGAP, IQ-GAP, and
p120GAP [23–25]. In our previous study, we could
show that the neurofibromin GAPex domain is
required for Spred1(EVH1) binding in cultivated
cells, and we now aim at the detailed characteriza-
tion of this interaction.
Some EVH1 domain containing proteins have

been described as regulators of actin polymerization
and are located at lamellipodia, at the leading edge
of migrating cells. EVH1 domains exhibit a pleckstrin
homology (PH)-like fold and are present in human
proteins classified in four different families, namely,
the Spred family (comprising Spred1, Spred2, and
Spred3), which all bind neurofibromin [18]; the
Homer family; the Ena family (homolog to drosophila
enabled); and the Wiskott Aldrich syndrome protein
family (WASP). Except for Spred, one member each
of these families has been structurally characterized
in its function of binding proline-rich sequences
(PRSs). Peptide recognition involves three surface
located aromatic and/or hydrophobic residues (Tyr/
Ile, Trp, and Phe), which are conserved within these
EVH1 domains [26–32]. The ligands harbor either an
FPXϕP motif, where ϕ denotes a hydrophobic and X
any residue, or a PPXXF motif classifying the PRS
as either belonging to class I or class II ligands [26].
Structural analysis of the Xenopus tropicalis Spred
homolog revealed that the Spred1(EVH1) domain
differs significantly from this hydrophobic surface
pattern and a different binding mode involving less
PRSs was suggested for the Spred family [33]. None
of the above-mentioned classic EVH1 binding PRS
motifs is present in the Spred1 binding NF1-GAPex
subdomain and a region including two proline
residues in NF1-GAPex (corresponding to Pro1527
and Pro1528) was shown to be dispensable for
Spred binding [34]. Amino acid positions of non-
truncating missense mutations described in Legius
syndrome are evenly distributed over the EVH1
primary sequence and do not point to a specific
binding site. Thus, the detailed binding mode of
neurofibromin to its cellular recruitment protein
Spred remains unclear.
Here we report the fine mapping of the binding site

of the Ras-GAP neurofibromin to a specific site on the
surface of the Spred1(EVH1) domain. Furthermore,
we show the functional or structural consequence of
selected mutations in Spred1 associated with Legius
syndrome. Importantly, a threonine to arginine muta-
tion diminishes NF1-GAP binding significantly, while
the fold of the domain remains unchanged.
Results and Discussion

In a previous study, we identified the GAP domain of
neurofibromin as the primary binding site for the
Spred1(EVH1) domain (see domain schemes in
Fig. 1a and Ref. [21]). Non-truncating missense
mutations associated with Legius syndrome (summa-
rized in Table 1) are equally distributed over the
primary sequence of the Spred1(EVH1) domain
(Fig. 1b), and no mutational hotspot could be detected
in this region. In our attempt to characterize the role of
thesemutations in neurofibromin binding, we assigned
nuclearmagnetic resonancesignals of isotope-labeled
Spred1(EVH1) [35] and performed titration experi-
ments with unlabeled NF1-GAP. However, the high
affinity [21] and the high molecular mass of the
complex formed with wild-type Spred1(EVH1) pre-
clude NMR chemical shift-based binding site mapping
in Spred1(EVH1). While 99% of all non-proline
backbone amide resonances in wild-type Spred1
(EVH1) can be observed in a 1H15N heteronuclear
single quantum coherence (HSQC) experiment, only
about 15% of these resonances are visible upon the
addition of an equimolar amount ofNF1-GAP (Fig. 1S).
As a matter of fact, most of these residues are located
at the C-terminus of the protein domain.
In order to characterize the function of pathogenic

missense mutations in patients, we filtered the
positions of mutations on the protein level for the
following criteria: Since all three members of the
Spred family (Spred1, Spred2, and Spred3) bind to
neurofibromin, we selected the positions that are
conserved within the Spred family (Fig. 1b). From
this pool, we selected non-glycine residues whose
side chains, according to the high resolution crystal
structure of frog Spred1(EVH1) [33], point to the
surface of the protein and are more likely responsible
for protein recognition than for maintaining the fold of
the EVH1 domain. A third filter selected residues that
are located in a region of the EVH1 surface that has
been shown to bind PRSs in other EVH1 domain
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Fig. 1. Domain schemes of the human neurofibromin and Spred1 protein, and EVH1 sequence analysis. (a) Organization
of neurofibromin and Spred1 showing domain boundaries for the interacting neurofibromin(GAP) and the Spred1(EVH1)
constructs (blue and red rectangles) used in the present work. In addition, neurofibromin harbors a cysteine and serine-rich
region (CSrich), a potential tubulin binding domain (T), a Sec14PH bipartite module (SecPH), and a potential syndecan
binding domain (Sy). The c-Kit receptor binding region (KBD) and the C-terminal region known as Sprouty domain (SPR) of
Spred1 are indicated. (b) Sequence alignment of the N-terminus of human Spred1 including the EVH1 domain with its mouse
(mm), bovine (bt), chicken (gg), frog (xl), zebrafish (dr), and fruit fly (dm) homologs, andwithmembers of the four EVH1domain
containing protein families: the Spred family (Spred2, Spred3), the Ena family (Enabled), the Homer family (Homer), and the
Wiskott Aldrich syndrome protein family (WASL). Hydrophobic residues conserved in all EVH1 domains are highlighted in
yellow, residues that are specifically conservedwithin the Spred family are highlighted in red, and positions of mutations found
in Legius syndromepatients are indicated byasterisks. The alignment was generated usingChimera software and theMAFFT
algorithm.
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containing families. Those residues were identified
by structural superposition of the respective PRS
ligated EVH1 complexes [29,31,32] and using the
superposition derived alignment together with
Spred1(EVH1) sequences from other organisms
and from human Spred2 and Spred3 (Fig. 1b).
From these considerations, we conclude that a
tryptophan residue at position 31 and a threonine
residue at position 102 were the most likely
candidates for residues that may be directly involved
in neurofibromin binding. This was supported by an
earlier finding that mutations at these positions
reduced neurofibromin binding below the detection
limit in cells and in pull-down experiments using
diluted protein solutions [18,21]. We cloned and
expressed Spred1(EVH1) harboring the pathogenic
missense mutation Trp31Cys. In contrast to the well-
soluble wild-type variant [21,35], introduction of this
mutation apparently caused the formation of insolu-
ble protein inclusion bodies during recombinant
protein expression. The same was observed upon
introduction of the Trp31Arg mutation (data not
shown). However, replacement of threonine 102 by
arginine (T102R) produced soluble protein that could



Table 1. Legius syndrome patient-derived non-truncating
missense mutations in the EVH1 domain of Spred1,
according to published data [4–6] and to the following
databases: Leiden Open Variation Database (LOVD;
http://www.lovd.nl/3.0/home), The Human Gene Mutation
Database (HGMD; http://www.hgmd.cf.ac.uk), and Legius
syndrome database (http://www.arup.utah.edu/database)

Residue Wild type Patient
mutation

Location/consequence

1 Met Thr N-Term, affects translation
9 Asp Val, Glu No structural data available
10 Asn Lys No structural data available
14 Tyr Tyr β-Sheet, surface, modulates

NF1-binding
17 Val Ile β-Sheet, surface
24 Arg Gln Loop, surface, modulates

NF1-binding
30 Gly Arg Loop, surface, modulates

NF1-binding
31 Trp Arg, Leu,

Cys
β-Sheet, surface, impairs
protein folding

42 Val Ile β-Sheet, core
44 Val Asp β-Sheet, core
62 Gly Arg β-Sheet, core
64 Arg Gln Loop, surface
74 Cys Phe β-Sheet, surface
80 Leu Arg Loop, core
88 Thr Lys Loop, surface, modulates

NF1-binding
90 His Gln β-Sheet, surface, modulates

NF1-binding
92 Trp Arg β-Sheet, core
100 Gly Asp β-Sheet, core
102 Thr Lys, Arg,

Met
β-Sheet, surface, (Arg) reduces
affinity for NF1-GAP

116 Ile Asn α-Helix, core

3892 Mutations Associated with Legius Syndrome
be characterized in detail by solution NMR spec-
troscopy, and a complete backbone resonance
assignment of this mutant was obtained (Fig. 2a).
Based on the NMR chemical shift data, we deter-
mined a CS-Rosetta structural model [36] of Spred1
(EVH1)*T102R, which shows that the canonical
EVH1 fold is preserved in this mutant and the global
structure of the domain remains unchanged when
compared to the wild type protein (Fig. 2b).
We used this mutant variant and analyzed its ability

to form complexes with NF1-GAP at different concen-
trations. Analytical size exclusion chromatography
combined with light scattering and refractive index
detection was performed in order to compare the
formation of NF1-GAP complexes with wild type
and mutant Spred1(EVH1). We observed masses of
13,658 [assigned to Spred1(EVH1), Mcalc = 13,494],
14,045 [assigned to 15N-Spred1(EVH1)*T102R,
Mcalc = 13,720], and 40,777 [NF1-GAP, Mcalc =
40,127] in the light scattering and UV profiles
derived for the individual injections of the proteins.
Analysis of protein mixtures revealed an additional
peak for which a mass of 52,174 was detected
[NF1-GAP + Spred1(EVH1), Mcalc = 53,621], which
suggests the formation of an NF1-GAP/Spred1
(EVH1) complex. We have previously shown that
the EVH1 domain forms a stable complex with
NF1-GAP, which can be isolated from an analytical
size exclusion column [21]. However, introduction of
the T102R mutation weakened the affinity significant-
ly, and no peak shift indicating complex formation
could be detected (Fig. 3a). Surface plasmon reso-
nance (SPR) experiments revealed a Kd of 6.6 μM for
Spred1(EVH1)*T102R binding to NF1-GAP (Figs. 3b
and S2), which is 3 orders of magnitude higher than
the previously determined Kd of 7.4 nM for the wild-
type protein [21].
The lower affinity of the NF1-GAP/Spred1(EVH1)

*T102R complex is in the range at which binding site
mapping by NMR is possible. In a titration experiment,
unlabeled NF1-GAP was added to the 15N-labeled
mutant EVH1 domain in order to identify residues that
change their chemical shifts upon complex formation
(Fig. 4a and b). All backbone amide resonances in
Spred1(EVH1)*T102R can still be identified in 1H15N
HSQC experiments after the addition of an equimolar
amount of NF1-GAP. Two stretches with chemical
shift changes (Δδobs N 0.01 ppm) upon complex
formation are present in the EVH1 domain, that is,
the region between Thr23 and Gly35 (including
residues Arg24, Asp25, and Gly29, which display
the largest Δδobs values) and the region between
Asn83 and Lys93 (Fig. 4b). These positions form a
contiguous patch on the Spred1(EVH1) protein
surface indicating the NF1-GAP binding site, as
visualized on the crystal structure of X. tropicalis
Spred1(EVH1) (Fig. 5a). Arg24, Asn83, His90, and
His91 show shifts upon ligand binding. Corresponding
positions in other EVH1 family members, defined by
structural superposition, are in close proximity to the
proline-rich ligand in the respective complex struc-
tures, supporting the hypothesis that neurofibromin
uses a similar binding site.Our in vitro data are in good
agreement with a previous study in yeast, where
missense mutations causing exchange of Gly30,
Trp31, Thr88, and Trp92 in the EVH1 domain made
a significant impact on the interaction with an NF1-
GAP isoform carrying a 21-amino-acid insertion in the
GAPcore domain. [34]. As a side note, this isoform
arising from alternative splicing of exon 23 [37] is also
capable of binding to Spred1, although quantitative
data are not available.
Our finding raised the question whether the footprint

of neurofibromin on the surface of Spred1 could be
linked to Legius syndrome. Indeed, 10 out of 14
currently known patient-derived missense mutation
positions in the EVH1 domain of Spred1 show a
chemical shift perturbation upon addition of NF1-GAP.
The position of patient-derived non-truncating mis-
sense mutations is displayed on the surface of the
EVH1 domain (Fig. 5b). Interestingly, this cluster of
patient mutation positions overlaps significantly with
the residues that are involved in neurofibromin binding
(compare Fig. 5a and b).
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Fig. 2. Structural model of Spred1(EVH1) carrying the pathogenic T102R mutation. (a) 1H15N HSQC spectrum of 15N-
labeled Spred1(EVH1)*T102R recorded on a 500 MHz spectrometer at 298 K. Resonance assignments are shown, with
the numbering corresponding to the human Spred1 protein, except for the position of the mutation. Horizontal lines indicate
asparagine and glutamine NH2 side-chain resonances, aliased signals (black) are labeled by asterisks, and signals that
likely arise from arginine side chains (ε-NH) are labeled by two asterisks. Resonance assignments are available online at
the BMRB repository (accession number 27793). (b) Overlay of the chemical shift-based Rosetta models of human wild-
type (red) and mutant (light red) Spred1(EVH1) with the crystal structure of the frog Spred1 homolog (PDB 1XOD, gray)
demonstrated identical folds.
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NMR relaxation experiments on the homologous
EVH1 domain of the Schizosaccharomyces pombe
Dcp1 protein revealed significant conformational flex-
ibility of the aromatic binding groove in the free state
[38]. We were interested whether conformational
flexibility is a common feature of binding grooves in
the Spred1(EVH1) domain and performed NMR
relaxation experiments. To experimentally characterize
picosecond-to-nanosecond time scale flexibility of wild-
type Spred1(EVH1) and Spred1(EVH1)*T102R, we
determined the backbone amide order parameters,S2.
The experimental data reveal a highly flexible region
between residues Met22 and Leu32 in the wild-type
protein and in the T102R variant with order parameters
below0.7 (Fig. S3). Evidently, this region coincideswith
the NF1-GAP binding site that was derived from NMR
chemical shift data. Structural flexibility may be a
benchmark for regions that play a role in protein
interactions. It is thus tempting to speculate that
inherent flexibility of Spred1(EVH1) at the NF1-GAP
binding site might contribute to interaction between
these two proteins. Another flexible region in Spred1
(EVH1) includes residues His49 to Phe58. This region
comprises a long and surface-exposed loop between
β-strands 2′ and 3 that is distal from the NF1-GAP
binding site and may not be involved in binding.
Taken together, we showed that the patient-derived

mutant Spred1(EVH1)*T102R, which has a markedly
lower affinity to the neurofibromin GAP domain than
wild-type Spred1(EVH1), displays the canonical
EVH1 fold. Due to the relatively low affinity between
Spred1(EVH1)*T102R and NF1-GAP, the binding
surface on the Spred1(EVH1) domain could be
mappedby nuclearmagnetic resonance experiments,
revealing an expanded yet contiguous patch on the
protein surface that overlaps with a significant number
of patient mutations known to date. This suggests that
loss of neurofibromin-Spred1 binding due to muta-
tions in Spred1 is one of the major reasons for the
development of Legius syndrome. Since the other
Spred family member Spred2 also binds neurofibro-
min [18] and may partially compensate for loss of
Spred1 in neurofibromin-dependent Ras inactivation,
the phenotype of Legius syndrome is comparatively
mild. Alterations in neurofibromin, however, are in
general associated with a severe phenotype. Its
function as a major negative regulator of Ras can
obviously not be compensated by other RasGAPs.
Materials and Methods

In silico analysis

The alignment was generated by superposition of
EVH1 structures (PDB codes in brackets) solved for
one member each of the four families, namely,
Spred1 (3SYX), Ena (1EVH), Homer (1DDW), and
N-Wasp (1MKE) using Chimera software. Corre-
sponding positions in the 3D structure were aligned
in a linear sequence and set as input for an
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alignment calculation using the MAFF-T algorithm
together with the following sequence entries
(listed from top to bottom as they appear in
F ig . 1b ) : NP_689807 . 1 , NP_277059 . 1 ,
N P _ 0 0 1 1 7 9 4 4 5 . 1 , N P _ 0 0 1 1 8 6 6 3 8 . 1 ,
NP_001121277.1, NP_998397.1, NP_610988.1,
AAP59415.1, AAI51137.1, NP_001008493.1,
AAH47438.1, and EAL24333.1.

Plasmid construct generation

The construction of a plasmid encoding Asp1203–
His1530, which represents the GTPase activating
protein domain (NF1-GAP) of human neurofibromin
isoform 2 (accession no. NP_000258.1) modified with
a tabacco etch virus protease-cleavable N-terminal
(His)6-tag, has been described [21]. A cDNAencoding
the EVH1 domain (Ser13–Ser130) of human Spred1
(accession no. NP_689807.1) in its wild-type form and
in two variants encoding either one of the mutations
Thr102Arg and Trp31Cys was generated by gene
synthesis and inserted into pET21d as described [21].
Mutations, in order to generate the expression

construct encoding Spred1(EVH1)*W31R, were
introduced by site-directed mutagenesis using
Phusion DNA polymerase (New England Biolabs)
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together with the oligonucleotides: 5′-gatag-
cagcggtggtcggctgccgctgggtg-3′ and 5′-cacccagcgg-
cagccgaccaccgctgctatc-3′ (mutated nucleotides are
underlined) according to the manufacturer's proto-
col. Successful introduction of the mutation was
verified by DNA-sequencing.

Protein expression and purification

The expression and purification of NF1-GAP and
of Spred1(EVH1) have been described [21,35].
Spred1(EVH1)*T102R was essentially prepared as
described for the wild-type protein, with the excep-
tion that the pH in the size exclusion chromatography
buffer was set to 6.0.
Analytical size exclusion chromatography with
RI-MALS detection

Protein concentration of the samples was deter-
mined via differential refractive index detection at
constant temperature, which is more exact than UV
absorption-based quantification. Analytical size ex-
clusion chromatography was performed on a gel
filtration column (Superdex 200 Increase (5/150),
GE Healthcare) which was connected to an HPLC
system (Dionex, Thermo Scientific) and equilibrated
in a buffer containing 20 mM Tris (pH 8.0), 150 mM
NaCl, and 2 mM MgCl2. Proteins were injected
individually at 100 μM concentration or in 1:1
stoichiometric mixtures. The eluate from the column
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was analyzed for UV absorbance at 280 nm followed
by online detection of multiple-angle light scattering
(miniDAWN TREOS, WYATT) and of the refractive
index at 298.20 K (Optilab T-rEX, WYATT). Data
were analyzed using ASTRA 7 software.

SPR experiments

SPR experiments were performed on a Biacore
X100 system (GE Healthcare) essentially as de-
scribed [21]. Dilution series of 15 to 500 nM Spred1
(EVH1) and 0.75 to 35 μM Spred1(EVH1)*T102R
were prepared and injected over immobilized NF1-
GAP. One sample of each dilution series was
measured in duplicates [125 nM of Spred1(EVH1)
and 10 μM of Spred1(EVH1)*T102R] to ensure
reproducibility. Data collection was performed with
a contact time of 60 s/540 s, a dissociation time of
120 s/240 s and a flow rate of (30 μL/min)/(10 μL/min)
for Spred1(EVH1) or Spred1(EVH1)*T102R,
respectively. At least two independent titration exper-
iments were performed, and results were averaged.
The dissociation constant Kd was determined by
nonlinear fitting of the sensorgrams to a 1:1 interaction
model.

NMR spectroscopy

All NMR experiments were performed at 298 K on a
500 MHz Agilent DirectDrive 2 spectrometer equipped
with a room-temperature HCN triple-resonance probe.
Data were processedwith NMRPipe [39] and analyzed
with CcpNmr [40] software. Backbone resonance
assignments of Spred1(EVH1)*T102R were achieved
by 1H15NHSQCand three-dimensional HNCACB, HN
(CO)CACB, andHNCOexperiments using 13C- and/or
15N-labeled Spred1(EVH1)*T102R at 0.6 or 1.2 mM,
respectively, supplemented with 10% D2O (v/v). With
the exception of the N-terminal methionine residue and
the followingnon-native glycine,wewere able to assign
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all backbone amide resonances of Spred1(EVH1)
*T102R. In addition, Cα and Cβ resonance assign-
ments are 100% complete, while 95% of backbone C′
resonances could be assigned.
Measurements of backbone relaxation data [lon-

gitudinal and rotating-frame relaxation rates (R1 and
R1ρ) and

15N{1H} steady-state NOE (nuclear Over-
hauser effect)] [41–44] were carried out with a
spectral width of 1300 Hz in the 15N dimension
and of 8012 Hz in the 1H dimension. Longitudinal
relaxation periods were 11.1, 55.5, 111, 222, 333,
444, 555, and 666 ms with repeat experiments of
55.5 and 333 ms, and rotating-frame relaxation
periods were 10, 20, 30, 40, 50, 70, and 90 ms
with repeat experiments of 20 and 50 ms. The
transverse relaxation rate (R2) was calculated
based on R1 and R1ρ [45]. For 15N{1H} steady-
state NOE measurements, HSQC spectra with
(d1 = 3 s, sat = 1.25 s) and without saturation
(d1 = 4.25 s) of the amide protons were recorded.
Relaxation rates were determined using an in-house
MATLAB fitting program. Order parameters S2 were
determined for all 95 of 118 amino acid resonances
that are resolved in two-dimensional 1H15N spectra
using the model-free approach [46–48] implemented
in the Modelfree software (version 4.15) [49]. Mean
order parameters were calculated for Tyr14–Asp122
using a sliding window of three amino acid residues.
NMR titration experiments were performed by

recording 1H15N HSQC spectra of 15N-Spred1
(EVH1)*T102R (100 μM) in 20 mM sodium phosphate
(pH 6.0), 200 mMNaCl, and 2 mMDTTsupplemented
with 10% (v/v)D2Obefore andafter the additionofNF1-
GAP in the same buffer. Molar ratios were 1: 4, 1: 3, 1:
1.5, 1: 1, 1: 0.5, and 1: 0.25 for 15N-Spred1(EVH1)
*T102R: NF1-GAP. We used the combined amide
chemical shift perturbation (CSP) Δδobs to identify
amino acid residues that are involved in binding toNF1-
GAP. The CSP values were calculated as follow:
Δδobs = [((ΔδH)

2 + (ΔδN/5)
2)/2]1/2 [50]. We used a

threshold value of 0.01 to define which amino acid
residues are affected by binding of NF1-GAP.

Accession numbers

NMR chemical shift assignment data have been
deposited in the Biological Magnetic Resonance
Data Bank (BMRB Entry ID 27793).
Supplementary data to this article can be found

online at https://doi.org/10.1016/j.jmb.2019.07.038.
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