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The Fragile X messenger ribonucleoprotein (FMRP) is a multi-domain protein involved in interactions with
various macromolecules, including proteins and coding/non-coding RNAs. The three KH domains (KHO, KH1 and
KH2) within FMRP are recognized for their roles in mRNA binding. In the context of Fragile X syndrome (FXS),
over-and-above CGG triplet repeats expansion, three specific point mutations have been identified, each affecting
one of the three KH domains (*138QKH0, 626°FKH1, and *NKH2) resulting in the expression of non-functional
FMRP. This study aims to elucidate the molecular mechanism underlying the loss of function associated with the
G266EKH1 pathological variant. We investigate the conformational and dynamic properties of the isolated KH1
domain and the two KH1 site-directed mutants $2°)kH1 and ©26°AKH1. Employing a combined in vitro and in
silico approach, we reveal that the %2°°®KH1 variant lacks the characteristic features of a folded domain. This
observation provides an explanation for functional impairment observed in FMRP carrying the G266E mutation
within the KH1 domain, as it renders the domain unable to fold properly. Molecular Dynamics simulations
suggest a pivotal role for residue 266 in regulating the structural stability of the KH domains, primarily through
stabilizing the a-helices of the domain. Overall, these findings enhance our comprehension of the molecular basis
for the dysfunction associated with the ®°® KH1 variant in FMRP.

1. Introduction

The hnRNP K homology (KH) domains are small and structurally
conserved domains found in various proteins across all kingdoms of life
[1-5]. They play multiple functions with a predominant role in regu-
lating transcription [6,7] and translation [8] by specifically recognizing
and binding single-stranded nucleic acids [9,10]. These domains exhibit
a common structural organization consisting of a central paafp core
decorated by an additional a—helix and p—strand (o’ and p’) located
either at the C- or N-terminus. This distinction defines two primary KH
subtypes, ie. the KHI class (pjojagpef’a’) commonly present in
eukaryotic proteins, and the KHII class (o’ B’ 101 0282) typically found in
prokaryotic proteins [9]. Therefore, the fundamental structural organi-
zation of all KH domains consists of three a-helices packed against a
three-stranded p-sheet. The conserved (I/L/V)IGxxGxx(I/L/V) motif,
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commonly known as the GxxG motif, is frequently located between the
two alpha helices within the core of KH domains, [9,10]. It has been
proposed to be essential for nucleic acid binding [11]. Notably, KH
domains lacking this motif do exist and have been referred to as diver-
gent or degenerated KH [12,13].

The Fragile X messenger ribonucleoprotein (FMRP) is a multidomain
protein pivotal in neuronal development and synaptic plasticity. FMRP’s
structure encompasses i) an N-terminal region housing two Tudor do-
mains primarily responsible for protein-protein interaction along with a
degenerated type I KH domain (KHO); ii) two closely positioned type I
KH domains (KH1 and KH2) primarily involved in RNA recognition; iii)
a C-terminal intrinsically disordered region containing a RGG box
known to interact with G-quadruplex structures of RNA [12,14].

Fragile X syndrome (FXS) is an inherited neurodevelopmental dis-
order characterized by intellectual disability, autistic-like behaviors,
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and seizures [15-17]. Typically, FXS results from the absence of FMRP
due to CGG triplet repeat expansion in the 5-untranslated region of fmr1
gene [14]. Recent research has identified cases of FXS linked to missense
variants in FMRP [12,18]. Notably, three pathological missense muta-
tions affect residues in each of the KH domains of FMRP: R138Q in KHO
[19,20], G266E in KH1 [21] and I304N in KH2 [22,23]. While it is
widely acknowledged that these mutations primarily impact FMRP’s
ability to interact with RNAs or other molecular partners [24], the
precise molecular mechanisms responsible for these effects remain
largely unknown. To address this gap, recent research has focused on
studying the KHO domains of FMRP, providing insight into the aggre-
gation and folding properties of the wild-type (wt) isolated domain
compared to its pathological R138Q variant [25].

The present work is focused on characterizing the structural and
dynamic properties of the isolated KH1 domain from FMRP (KH1).
Given that the G266 to E mutation in KH1 has been shown to impair
various functions of FMRP, including its association with polyribosomes,
RNA binding and mGluR-mediated AMPA receptor trafficking [21]. Our
investigation aims to gain a comprehensive understanding of how this
mutation influences the folding of this domain. Based on the available
crystal structure of the KH1-KH2 tandem (PDB code: 2qnd, [26]) the
widely conserved G266 residue is located at the end of the B3 strand of
the 3-stranded antiparallel f-sheet of KH (Fig. 1 and Supplementary
Fig. S1). Examination of the three-dimensional structure suggests that
replacing G266 with the bulkier and charged glutamic acid residue
might disturb the KH1 fold, providing a plausible hypothesis for the
malfunction of the variant protein, as previously discussed [21]. To
delve deeper into the role played by this residue in the structural dy-
namics of the KH domain and to unravel the molecular details of the
functional impairment associated with the pathological variant of FMRP
carrying the G266E substitution, here we present the results of the
biophysical characterization of the isolated KH1 and two site-directed
mutants, G266EK11] and S2°°AKH1.

Fig. 1. The KH1 domain of FMRP. A) Ribbon representation of the structure of
the KH1 domain of FMRP (res: 216-280; PDB code: 2qnd, Valverde et al. 2007);
the position of G266 is highlighted in magenta. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article).
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2. Materials and methods
2.1. Recombinant proteins production

The KH1 domain of FMRP (residues 216-280) and its variants
F262WKHT (KH1*), S20FKH1, and F262W/G266ARpy1 (G266AKH]+*) were
cloned into the pET28b(+) vector and expressed in E. coli BL21 (DE3)
strain. Mutants were generated using the QuikChange Lightning Site-
Directed Mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA).

Cells expressing the recombinant proteins were grown in LB broth
supplemented with 34 pg/mL kanamycin at 37 °C until Agpp nm reached
0.6/0.7. After the induction with Isopropyl-p-D-1-thiogalactopyranoside
(IPTG) at 0.5 mM, cells were grown at 22 °C overnight (KH1, KH1*,
G266EK 1) or for 4 h (C2°AKH1*) and then harvested by centrifugation.
Purification of all proteins was carried out according to [25] with yields
of approximately 10 mg/L for KH1, KH1*, S25AKH1, and approximately
1.5 mg/L for ©26%EKH]1.

2.2. Equilibrium experiments

Circular dichroism (CD) experiments were conducted using a Jasco
J710 instrument (Jasco Inc., Easton, MD, USA) equipped with a Peltier
apparatus. Far-UV spectra (190-250 nm) were obtained using 20 pM
proteins in 20 mM sodium phosphate pH 7.2, 100 mM NaCl using a 1
mm quartz cell (scanning speed of 100 nm/min, averaged over three
acquisitions). Thermal denaturation profiles were recorded by moni-
toring the change in the CD signal at 222 nm while increasing temper-
ature (from 20 °C to 90 °C, at a rate of 1 °C/min).

Urea-induced denaturation experiments of KH1* and $266AKH1*
(protein concentration = 6 pM in 20 mM sodium phosphate pH 7.2, 100
mM NaCl) were followed by recording the fluorescence emission be-
tween 300 and 400 nm (Aex = 280 nm) using the FluoroMax-4 spec-
trofluorometer (Jobin Yvon, Edison, NJ, USA) with a 1 cm path length
quartz cuvette. Fluorescence signals at 340 nm were plotted as a func-
tion of denaturant concentration and urea-induced denaturation data
were analyzed using a two state-equation:

(Yy + (my*D)) + ((YD + (mp*D) ) *exp (#) )

mpy*(D-Dy )
1+ exp o5

Yobs =

where Yy and Yp, refer to the y-intercepts and my and mp represent the
slopes of the native and denatured baselines, respectively; D is the
denaturant concentration. Based on these parameters, AGpy was
calculated using the equation: AG3N = — mpy [D] 1 /2.

2.3. SAXS analysis

SAXS measurements were conducted at SAXSLab Sapienza using a
Xeuss 2.0 Q-Xoom system (Xenocs SAS, Grenoble, France). Sample de-
tails and data collection parameters are provided in Supplementary
Table S1. The analysis of the scattering profiles was performed using the
tools of ATSAS 3.2 [27]. Additional details on data collection method-
ologies and processing procedures are reported in the Supplementary
materials section.

2.4. Molecular dynamics (MD) simulations

The initial structure of the KH1 domain was derived from the KH1-
KH2 FMRP crystal structure (PDB code: 2qnd, B monomer [26]) with
selenomethionine replaced by methionine. Structures for the “2%6EKH1
and 9260AKH1 variants were modeled by AlphaFold [28]. Simulations
for wt KH1 and %2%°*KH1 were conducted at 300 K, 370 K and 420 K
while 62°6AKH1 simulations were carried out at 300 K and 420 K. An
additional simulation at 450 K was performed for the wt KH1 (Table 1).
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Table 1
MD simulations times and temperatures of the KH1 domains investigated in this
work.

300 K 370K 420 K 450 K
KH1 ~1.4ps ~2ps 0.4 ps 0.3 ps
G266ERKH] ~1.4ps ~2ps 0.4 ps -
G266AKH1 ~1.4ps - 0.4 ps -

Additional information on MD simulations is reported in the Supple-
mentary Materials section.

2.5. Nuclear magnetic resonance (NMR) spectroscopy

1H mono-dimensional (1D) NMR experiments (‘H—1D NMR) were
acquired on a 600 MHz Bruker AVANCE NEO spectrometer equipped
with a triple resonance cryo-probe (Bruker, Karlsruhe, Germany). All the
experiments were performed at 298 K, recording 16 transients with a
recycle delay of 1.2 s.

For the NMR experiments, proteins were dissolved in 20 mM sodium
phosphate pH 7.4, 100 mM NaCl, supplemented with 5% D50. [KH1]
and [2%€EKH1] = 600 pM; [2°°AKH1*] = 100 puM.

3. Results
3.1. The ?°FRH]1 variant is unfolded in solution

KH1 and %%°°®KH1 domains expressed in E. coli and purified to ho-
mogeneity, were initially examined by far-UV CD spectroscopy. The
obtained results (Fig. 2A) highlight stark differences: the KH1 spectrum
displayed characteristic features indicative of a properly folded o/f
protein as expected. In contrast, the CD spectrum of the “26°°KH1 lacked
distinct features in the 210-230 nm region, with a notable minimum at
approximately 200 nm, suggesting minimal to no secondary structure
content. Additionally, thermal-induced denaturation experiments,
monitored via far-UV CD spectroscopy, demonstrated a cooperative
unfolding process solely in the case of KH1 revealing an apparent Tm at
around 51 °C. Conversely, no observable unfolding transition was
discernible for the 2°°*)KH1 domain (Fig. 2B).

To further investigate the structural properties of the S2%EKH1
variant, Small-Angle X-ray Scattering (SAXS) experiments were con-
ducted on both KH1 and “?6°PKH1. The resulting scattering profiles
displayed noticeable discrepancies (Fig. 2C), reflecting distinct features
in their respective pair distance distribution functions (P(r)). The P(r) of
KH1 has a compact profile, signifying a globular conformation with a
maximum size of approximately 6-7 nm. In contrast, the P(r) obtained
for 265K H1 is shifted and expanded towards larger distances compared
to the wt protein. This shift implies that the pathological variant assumes
an overall larger particle size with a more extended conformation. This
dissimilarity was further emphasized by the normalized Kratky plot
representation (Fig. 2D), highlighting the increased flexibility of the
pathological variant. Specifically, the plot for ©2°EKH1 deviates from
the bell-shaped curve observed for fully globular proteins and instead
exhibits a plateau-like behavior more commonly associated with un-
structured polypeptides [29]. Moreover, while the wt protein exhibited
consistent and overlapping SAXS profiles over the entire 24-h experi-
ment at 20 °C, the $26°EKH1 sample underwent aggregation within a
mere 15-h period (Supplementary Fig. S2).

The mono-dimensional NMR spectroscopy experiment (‘H—1D
NMR) conclusively established the profound impact of the G266 to E
mutation on the structure of the KH1. In —'H-1D NMR spectra, the
signal dispersion in the regions of the amide (6-10 ppm), and methyl
(—0.5to 0.5 ppm) protons provides indications on the folded state of the
proteins. In contrast to the distinct features observed in the 'H—1D NMR
spectrum of KH1, which include sharp, well-distributed signals along
with discernible methyl signals, indicative of a folded protein, the
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'H—1D NMR spectrum of the %2%EKH1 showcased characteristics
typical of an unstructured protein (Fig. 2E). Notably, the proton chem-
ical shift dispersion in 2°EKH1 spectrum was significantly reduced,
particularly evident in the poor chemical shift dispersion of its backbone
amidic protons (around 7-10 ppm), a common trait found in unfolded
proteins [30,31]. Furthermore, the aliphatic region of the spectrum
revealed very sharp signals primarily clustered at approximately 3.6
ppm, suggesting a compromised structural instability in the mutated
protein.

3.2. G266 has a key role in the KH fold

Glycine 266 is a conserved residue found in various KH domains of
different origins situated at the C-terminal end of the 3 strand [21] [32]
(Fig. 1 and supplementary Fig. S1). As shown above, its substitution
with glutamic acid results in the complete unfolding of the domain. To
further investigate the role of glycine at position 266, we engineered a
mutant where glycine was substituted with alanine (C2°%AKH1).
Although the alanine substitution introduces minimal steric hindrance,
it does reduce the conformational flexibility of the main chain compared
to glycine. Moreover, as KH1 lacks Trp residues, a commonly used
intrinsic fluorescence probe in folding analyses, we substituted F262
with a Trp residue in both KH1 and G266AKTY] (referred to as KH1* and
G266AKH1* hereafter). The modification at position 262 did not induce
significant alterations in the overall domain conformation as observed
by far-UV CD (Supplementary Fig. S3A).

Far-UV CD analysis revealed that the G to A substitution at position
266 does not alter the overall secondary structure of the KH1 domain
and that the 926°AKH1* variant maintains proper folding (Fig. 3A).
Furthermore, SAXS experiments conducted on ®2°6AKH1* demonstrated
that its scattering profile closely aligns with that of the wt protein
(Fig. 3B), suggesting that this variant adopts a globular conformation
and does not aggregate in solution. Accordingly, the 'H—1D NMR
spectrum of the 266AKH1* variant appeared dispersed, especially in the
methyl group region, indicating the ability of the protein to assume a
folded structure (Supplementary Fig. S3B).

The urea-induced denaturation processes observed for both KH1*
and ©2%6AKH1* were found to be reversible (Fig. 3C), enabling the
determination of their respective thermodynamic stabilities (AG = 2.08
keal mol ! for KH1* and AG = 1.54 kcal mol ! for ©2%0AKH1%). Notably,
the obtained m-values were remarkably similar (m = 0.80 + 0.01 kcal
mol™* M~! and m = 0.82 + 0.03 kcal mol ! M~ ! for KH1* and
G266AKH1*, respectively), strongly suggesting the maintenance of an
identical native state structure in both proteins. In summary, while the G
to A mutation does not alter the overall domain structure, it does lead to
a malgginal destabilization of the native state by approximately 0.5 kcal
mol ™.

3.3. Unfolding dynamics of KH1 and its variants G266A and G266E by
MD simulation

Having observed that the G to A mutation at position 266 marginally
destabilizes the protein without significantly altering its conformational
and structural integrity, we aimed to elucidate the role of position 266 in
modulating the native protein’s conformational stability through Mo-
lecular Dynamics (MD) investigations. Initially, a simulation lasting 1.4
ps at 300 K was performed starting from the KH1 structure (PDB: 2qnd,
[26]), and the G266AK11] model obtained by AlphaFold. Additionally,
since the unfolding process occurs over an extended time scale in solu-
tion, we further analyzed the protein’s structural-dynamical behavior at
420 K for 0.4 ps. A structural analysis was carried out on the MD tra-
jectories, and the Root Mean Square Deviation (RMSD), representing the
average deviation of the Ca atoms with respect to the initial structures,
was calculated for both wt and mutant trajectories (Fig. 4A). The Ca
Root Mean Square Fluctuations (RMSF) were also calculated, allowing
the identification of the most affected residues (Fig. 4B). These analyses
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Fig. 2. Structural analysis of wt KH1 and “?**KH1. In all panels data for the wt KH1 are represented in blue and those of the “**°*KH1 in magenta. A) Far-UV CD
spectra at 20°. B) Thermal-induced denaturation monitored by far-UV CD at 222 nm. C) SAXS data fitted by indirect Fourier transform (black solid lines) to obtain the
pair distance distribution functions P(r) shown in the inset. D) Dimensionless Kratky plots of SAXS data. The Ry and I(0) values obtained from the Guinier fit shown in
the inset were applied. E) Superimposition of the 'H—1D NMR spectra of KH1 and its variant G266E. The two regions characterizing a folded protein are shown in
blue square (methyl region) and yellow square (amide protons). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)



F. Catalano et al.

A

BBA - Proteins and Proteomics 1872 (2024) 141019

(@)

1x10%

[6]MRE (deg x cm?x dmol")
1(q) (cm'1/mg-ml'1)

-1x104

LI B L I N B

Normalized fluorescence intensity

0.0 ®

220 240

Wavelength (nm)

200 0 1

5 R . 0 2 4 6 8
( _1) [Urea] (M)
g (nm

Fig. 3. Spectroscopic analysis of KH1* (blue) and G266AK ] * (green). A) Far-UV CD spectra of 20 pM samples collected at 20 °C. B) SAXS data and fitting by indirect
Fourier transform (black solid lines) to obtain the pair distance distribution functions P(r) shown in the inset. C) Equilibrium unfolding profile at 20 °C obtained by
urea-induced denaturation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

25 - WT 0.6 —_— T 1.0
> N G266E 0.5 — G266E
£ 20 . G266A —— G266A 09
=
[} =04
Qs g 08
% % 0.3 ©
3 10 2 0.7
S 02 wr
a
5 01 0.6| — G266E
—— G266A
0 )
0.0 0.1 02 0.3 0.4 220 230 240 250 260 270 280 0SS o2 04 o8 05 1o 1z 12
RMSD (nm) Residue index Time (us)
8 1.50
[ wT — T 1.0
> G266E 125 —— G266E
6 G266A U2
] — 1.00
s 3 08
24 W 075 o
g = 0.7
= ;
2 % 050 ,
a? \ \/ \ , 0.6
f 0.25( )\ ) :
0 05
025 050 075 100 125 150 1.75 220 230 240 250 260 270 280 0.0 0.1 02 0.3 04
RMSD (nm) Residue index Time (us)
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collectively suggest that the G to A substitution minimally perturbs the
structural and dynamic behavior of the mutated protein compared to the
wt. Moreover, the evaluation of native contacts (Q) over trajectory re-
veals a similar profile between the two simulations (Fig. 4C). These
observations align with the finding that both proteins explore analogous
regions within their essential subspace at 300 K (Supplementary
Fig. S4). Notably when analyzing the MD simulation at higher tem-
perature (420 K), consistent results were obtained for both wt KH1 and
G266AKH1 (Fig. 4D-F).

Contrary to what was observed for the G266A mutation, our
solution-based experiments revealed that substituting glycine with
glutamine at position 266, determines the unfolding of KHI. To
comprehend the influence of this mutation on the structural dynamics of
the domain and to identify the secondary structure elements mainly
affected, we conducted MD simulations on 2°EKH1 utilizing the model
generated by AlphaFold. Although the starting model aligns perfectly

with KH1 (RMSD = 0.8 [o\) (Fig. 5), MD trajectories display distinct
conformational behavior on the microsecond time scale, and the two
proteins explore different regions within their essential subspace even at
300 K (Supplementary Fig. S4). Accordingly, the RMSD analysis in-
dicates that the sampled conformations of G266FK11, at 300 K, have a
higher deviation (from the wt crystal structure) compared to both the wt
and the ©256AKH1 (Fig. 4A). This difference becomes particularly pro-
nounced at 420 K, where the pathological variant exhibits an RMSD
distribution characteristic of a largely unfolded protein, while KH1 re-
tains a relatively structured conformation (Fig. 4D). Notably, the RMSF
analysis highlights that the variation in the conformational dynamics of
G266EKH1 with respect to KH1 primarily originates from higher fluctu-
ations in the region surrounding position 266 and, to a lesser extent, in
the N-terminal region and around position 250 (Fig. 4B, E). The exam-
ination of native contacts further supports the observation that
G266EKH1 has a greater tendency to disrupt native contacts compared to
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420K

Fig. 5. Structural elements affected by G266E mutation. Extracted snapshots corresponding to the higher RMSD value, at all the investigated temperatures for both
wt (blue) and 2°°FKH1 (magenta). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the wt construct. While both the wt and the ?°AKH1 maintain native
contacts throughout the simulation, even at 420 K, G266FK1] starts
losing native contacts from the outset of the simulation (Fig. 4C, F).

As the pathologic variant is mainly unfolded at high temperature
(420 K), we performed an additional simulation at 370 K, lasting 2 ps, to
investigate and compare the conformational dynamics of “26°(kH1 and
KH1 at a milder temperature. RMSD, RMSF, and native contacts anal-
ysis, reported in Supplementary Fig. S5, show all together that the high
fluctuations in the mutation region trigger an overall destabilization of
the G26°PKH1 structure while, as expected, the wt construct retains
almost completely its native folding. To pinpoint which elements are
structurally affected by the mutation, we compared the structures cor-
responding to the maximum value of the Ca RMSD, at all the simulated
temperatures (Table 1), for both wt and G266ERH1 (Fi g. 5). Throughout
the wt simulations, the p-sheet maintains structural integrity across the
entire trajectory. In contrast, both the a1 and o2 helices exhibit an early
loss of their native structure even at 370 K (Supplementary Fig. S5B),
while the a3 helix remains structurally stable at 370 K, necessitating
higher temperatures for its unfolding to occur. On the contrary, the
G266EKH1 mutation affects the stability of all three a-helices even at the
lowest temperature explored (370 K) while the f-sheet unfolds at a
higher temperature. Notably, although the mutation is localized at the
C-terminal end of the B3 strand, the major effects concern the unfolding
of the helical portion of the domain.

4. Discussion

It is known that specific point mutations situated within the KH
domains of FMRP correlate with manifestations of FXS, even in the
absence of the CGG-repeat expansion in the fmrl gene [18]. In partic-
ular, the I304N mutation in the KH2 domain has been linked to severe
FXS phenotypes characterized by low IQ, social and behavioral
impairment, and macroorchidism [22,23]. This mutation alters the
structure of the protein and hinders its function [26]. Similarly, the
missense mutation R138Q in the KHO domain is associated with devel-
opmental delay and symptoms related to FXS [20]. While this mutation
does not significantly alter the three-dimensional structure of the
domain, it does impact its aggregation properties [25].

A third mutation, G266E, located in the KH1 domain of FMRP, was
identified in a patient with FXS [21]. This mutation affects various
functions of FMRP, including RNA binding and translational regulation,
polyribosome association, and mGluR-mediated AMPA receptor traf-
ficking and granule formation [21,33]. The impact of this substitution at
the protein level has been hypothesized by Myrick and colleagues,

suggesting that the substitution of glycine with glutamic acid might be
sterically incompatible, thereby affecting the proper folding of KH1.

Here, we have demonstrated that the G to E mutation does indeed
cause the complete unfolding of the variant domain. The far-UV CD
spectrum of this pathological variant clearly exhibited features indica-
tive of a random coil, and correspondingly, the thermal denaturation
profile did not show a discernable cooperative transition (Fig. 2A, B).
The 'H—1D NMR spectrum of $26°FKH1, displaying broad and poorly
dispersed peaks typical of an unstructured protein, conclusively high-
lighted the profound impact of the mutation on the proper folding of
KH1 (Fig. 2E). The SAXS analysis of the mutated protein also showed
features typicalof non-globular and highly dynamical polypeptides and
suggested that the variant protein, but not the wt KH1, has the pro-
pensity to aggregate over time. In summary, our results unequivocally
indicate that the G266E mutation fully compromises the structure of the
KH1 domain of FMRP. It is worth noticing that since KH1 is tandemly
connected with KH2 and linked to the N-terminal region of FMRP, it is
plausible that the unfolding of this domain may lead to a larger
impairment of the entire structured portion of FMRP.

Glycine 266, which is located at the end of the beta-strand p3 at the
start of the sharp turn connecting it to the a3 helix, is highly conserved
among eukaryotic KH domains (Supplementary Fig. S1) [21]. To
comprehend the structural significance of the amino acid at this position
within the KH domains, we replaced glycine with alanine. The G to A
substitution introduces a smaller, non-charged side chain compared to
the glutamic acid of “*°(KH1. We found that the G to A variant main-
tains the overall three-dimensional structure of KH1, causing only a
marginal destabilization of the domain (approximately 0.5 kcal mol™})
as demonstrated by chemical denaturation experiments (Fig. 3C). These
observations suggest that i) the stability of the KH fold significantly
depends on the interactions formed between strand 3 and helix a3 and
ii) the steric optimization provided by the smaller side chain of alanine
(compared to glutamic acid) rather than the conformational flexibility of
glycine is crucial for preserving the folding of the domain.

Our MD simulations, carried out to obtain atomic-level insight into
the unfolding dynamics of the KH1 domain, suggested one of the
possible unfolding pathways, which can be described by a hierarchical
progression initially involving helices a;, a and the GxxG motif forming
the RNA binding cleft [9]. Although position 266 is part of the p-sheet,
substantial effects predominantly manifest in the helical portion of the
domain. Moreover, while the helix a3 maintains its structure for longer
times, only the p-sheet remains correctly folded even at 470 K within our
simulation timeframe. It is worth noting that the sequence of events
observed during the unfolding dynamics of the KH1 domain mirrors
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those reported for the unfolding of KH2, one of the other KH domains of
FMRP [34]. This suggests a potentially conserved mechanism among
eukaryotic type I KH domains. Investigating whether this process uni-
versally applies to KH domains or if variations exist, particularly in the
topologically distinct prokaryotic type II KH domains, remains an
intriguing area for further exploration.
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