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Conserved region of human TDP-43 is structurally similar to membrane
binding protein FARP1 and protein chaperons BAG6 and CYP33
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Abstract

Transactive response DNA-binding protein of 43 KDa (TDP-43) is important for RNA metabolism in all animals and in
humans is involved in neuromuscular diseases. Full-length TDP-43 is prone to oligomerization and misfolding what renders
difficult its characterization. We report that TDP-43 domains are structurally similar to lipid binding protein FARP1 and
protein chaperons BAG6 and CYP33. Sequence analysis suggests putative lipid binding sites throughout TDP-43 and in vitro
thioflavin T fluorescence assays show that cholesterol and phosphatidylcholine affect fibrillation of recombinant TDP-43
fragments. Our findings suggest that TDP-43 can bind lipids directly and it may contribute to its own chaperoning.
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Figure 1. TDP-43 amino terminal domain NTD and RNA recognition motifs RRM are structurally similar to
membrane-binding protein FARP1 and protein chaperons BAG6 and CYP33:
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1A Schematic representation of human TDP-43 (hsTDP-43): NTD- amino terminal domain, NLS- nuclear localization signal,
RRM-RNA recognition motif, LCR-low complexity region; PPlase-like sequence in RRM1 and putative aggregation and
fibrillation-promoting sequence in RRM2 are put in evidence and cis P225 is shown in pink. 1B hsTDP-43 NTD domain
superposition with FERM domain of zebra fish FARP1 and with ubiquitin-like domain of human BAG6 generated by DALI.
1C DisoLipPred propensity of hsTDP-43 residues to be in disordered lipid binding region plotted against TDP-43 sequence;
predicted disordered lipid binding regions are indicated as black rectangles and numbered according to hsTDP-43 amino acid
sequence. 1D Thioflavin T fluorescence of recombinantely produced hsTDP-43 constructs and control samples of thioflavin T
incubated at physiological temperature 37°C or at 65°C in absence or presence of cholesterol (C) and phosphatidylcholine
(PC); error bars denote standard errors of the mean from triplicate experiments. 1E hsTDP-43 RRM1 and mouse TDP-43
RRM?2 motifs DALI-generated superposition to 3D model of hsCYP33 RRM domain; mmTDP43 RRM2 cis proline P225 is
marked with the pink asterisk. 1F Clustal Omega-generated multiple sequences alignment of human, mouse, chicken and fish
FARP1 and TDP-43, and ESPRIPT-generated rendering of secondary structure elements of zebra fish FERM domain relative
to multiple sequences alignment information; white and black diamonds represent putative or experimentally confirmed lipid
binding residues in TDP-43 and FARP1I, respectively. 1G Multiple sequences alignment of human and mouse CYP33 RRM
and PPIase domains, and human and mouse TDP-43 RRM1 and RRM2 motifs; ESPRIPT-generated rendering of secondary
structure elements of hsTDP-43 RRM1 or hsCYP33 PPlase domain relative to multiple sequences alignment information; cis
proline in TDP-43 RRM2 is denoted by the pink asterisk and this position is highlighted by pink rectangle in all aligned
sequences; CYP33 residues involved in substrate binding are denoted by white spheres and some of hsCYP33 residues
involved in peptidyl prolyl cis-trans isomerization are denoted by black spheres whilst the catalytic hsCYP33 S239 is not
included because of the space limitations.

Description

Transactive response DNA-binding protein of 43 kDa (TDP-43) is an essential DNA- and RNA-binding protein which in all
animals regulates RNA metabolism, mitochondria biogenesis, chromatin remodelling and transcription (Freibaum et al., 2010;
Berson et al.,, 2017; Neelagandan et al., 2019; Altman et al., 2021; Yu et al., 2021). In humans TDP-43 is involved in
neurodegenerative pathologies amyotrophic lateral sclerosis (ALS) and frontotemporal lobar dementia (FTLD) (Neumann et
al., 2006), and in degenerative myopathies sporadic inclusion bodies myositis (SIBM) (Cortese et al., 2014) and myoclonic
epilepsy associated with ragged-red fibers (MERRF) (Mancuso et al., 2004; Mori et al., 2019). In healthy individuals TDP-43
is predominantly a nuclear protein (Ayala et al., 2011; McGurk et al., 2018; Mann et al., 2019; Grese et al. 2021) though a
small amount is present in cytosol, in rough endoplasmic reticulum and in mitochondria (Sasaki et al., 2010; Izumikawa et al.,
2017; Duan et al., 2022). Extracellularly, full length TDP-43 and its fragments have been observed as naked proteins or
membrane-bound in extracellular vesicles in neuron-like cell cultures and in blood and cerebrospinal fluids of ALS and FTLD
patients (Sackmann et al., 2020; Casarotto et al., 2022; Chattarjee et al., 2024). Under cellular stress, nuclear TDP-43
translocates in cytoplasm where it may form condensates and, if the stress is prolonged, it becomes proteolytically fragmented,
hyperphosphorylated and polyubiquitinated, and eventually aggregates in insoluble granules (reviewed by Tziortzouda et al.
2021). At molecular level, TDP-43 is a dimeric protein prone to oligomerization and it consists of conserved amino terminal
domain NTD (1-77), a ~ 20 amino acid long linker containing nuclear export signal NES (82-98), two RNA recognition motifs
(RRM1 104-176 and RRM2 192-266), and non-conserved, low complexity carboxyl terminal region (274-414) rich in glycine
and glutamine/asparagine repeats (Figure 1A). All domains contribute to nucleic acids binding either by direct biding and/or
by promoting protein dimerization which enhances RNA binding (Perez-Berlanga et al., 2023). TDP-43 is subjected to various
post-translational modifications (Buratti, 2018) and our attention was attracted by peptidyl prolyl cis-trans isomerization in its
RRM?2 domain (Sjeklo¢a and Buratti, 2024) as peptidyl prolyl cis-trans isomerization of phosphorylated Tau protein is a
hallmark of an early pathogenic conformation in Alzheimer’s disease (Nakamura et al., 2013).

Peptidyl prolyl isomerases (PPIases) assist cotranslational protein folding by favouring peptidyl prolyl cis-trans isomerization
(reviewed by Schmid, 1993) and they are also involved in formation of higher order assemblies of intrinsically disordered
proteins and in liquid-liquid phase separation of such proteins (Favretto et al., 2020; Babu et al., 2022). Currently it is not
known how relevant is peptidyl prolyl cis-trans isomerization for TDP-43 folding, stability and condensates formation, and if
the cis proline P225 in TDP-43 RRM2 may be a recognition mark for TDP-43's interaction partners. In absence of high-
resolution structures of the full length TDP-43 and of structures of its multidomain fragments, we compared available
structures of human TDP-43 (hsTDP-43) NTD and RRM domains against the entire protein data bank PDB using DALI
algorithms for protein structure comparison (Holm, 2020). hsTDP-43 NTD is dimeric and it promotes full length hsTDP-43
oligomerization (Chang et al., 2012; Mompean et al., 2017), and DALI comparison of its crystal structure, PDB 5MDI (Afroz
et al., 2016) reveals it is similar to membrane-binding FERM domain of zebra fish synaptogenic protein FARP1, PDB 6D21
(Kuo et al., 2018; Z=7.2, rmsd= 2.6 A; Figure 1B) and to ubiquitin-like domain of human molecular chaperon BAG6, PDB
4EEW (Z=6.4, rmsd= 2.4 A; Figure 1B). FARP1 (FERM, RhoGEF and pleckstrin domain-containing protein 1/CDEP) is a
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neuronal cytoplasmic membrane-binding protein expressed in vertebrates, and in chicken and rats is a key regulator of
embryonic growth of motor neurons subtypes and it contributes to synaptogenesis (Koyano et al., 1997; Zhuang et al., 2009;
Cheadle and Biederer, 2014). Human BAG6 (BCL2-associated athanogene 6) is a large proline-rich multidomain cytoplasmic
protein which prevents the aggregation of misfolded and hydrophobic patches-containing proteins maintaining them soluble
and delivering them to endoplasmic reticulum and to proteasome (Wang et al., 2011); notably, human BAG6 recruits hsTDP-
43 C-terminal proteolytic fragments CTF 219-414 and 247-414 to ubiquitin ligase RNF126 which directs them for degradation
by proteasome (Kasu et al., 2022).

Structural similarity of hsTDP-43 NTD to the membrane-binding FERM domain of FARP1 prompted us to analyze human
TDP-43 sequence by bioinformatic tool DisoLipPred for prediction of disordered lipid binding residues (Katuwawala and
Kurgan, 2021) and results suggest presence of such residues in hsTDP-43 NLS (amino acids 79-101), in linker which connects
RRM1 and RRM2 (amino acids 180-185), and in LCR (amino acids 261-339) (Figure 1C). Lipid binding sites are generally
buried in hydrophobic pockets and may not be solvent accessible in already folded protein. For that reason, we thermally
perturbed recombinant hsTDP-43 samples NTD, NLS-RRM1-RRM2, RRM1-RRM2 and NTD-ANLS-RRM1-RRM?2 (each at
50 pM concentration) by exposure to 65°C in presence of cholesterol and phosphatidylcholine, and determined if there was
any effect on their in vitro aggregation properties based on amyloid-binding fluorescent dye thioflavin T (ThT) intensity.

In the absence of cholesterol and phosphatidylcholine, at physiological temperature 37°C, the hsTDP-43 NTD protein on its
own cannot induce ThT fluorescence. However, at this temperature ThT fluorescence was increased when incubated with
NTD-ANLS-RRM1-RRM2, NLS-RRM1-RRM2 or RRM1-RRM2 constructs (Figure 1D, white bars). When TDP-43 samples
were incubated at higher temperature (65°C), there was no ThT fluorescence in samples containing only NTD, while ThT
fluorescence of NLS-RRM1-RRM2 and NTD-ANLS-RRM1-RRM2 doubled compared to the fluorescence of same constructs
incubated at physiological temperature (Figure 1D, grey bars). Finally, fluorescence of ThT incubated with RRM1-RRM2 at
65°C increased similarly to the fluorescence observed al physiological temperature (Figure 1D, grey bars).

In the presence of cholesterol and phosphatidylcholine (50 pM and 250 pM, respectively- concentrations similar to those in
cellular membranes; Chakravarthy et al., 1985; Bjorkhem and Meaney, 2004) and at 65°C, ThT fluorescence changed slightly
for NLS-RRM1-RRM2 and NTD-ANLS-RRM1-RRM2 samples and to a much larger degree for RRM1-RRM?2 (Figure 1D,
black bars) in comparison to samples incubated without any lipids (Figure 1D, white and grey bars). Intriguingly, NTD could
not induce ThT fluorescence also in the presence of lipids, suggesting that NTD does not bind thioflavin T under any
examined conditions.

To better explain these data, we analyzed human TDP-43 sequence also by bioinformatic tools Aggrescan (Conchillo-Solé et
al., 2007) and WALTZ (Louros et al., 2020) which both suggest presence of aggregation and fibrillation-promoting sequence
in hsTDP-43 RRM2 (amino acids 219-234) which may explain why RRM2-containing TDP-43 fragments induce ThT
fluorescence and NTD alone does not. Interestingly, this fibrillation site coincides with the amino terminal region of TDP-43
proteolytic fragment CTF 219-414 which in vivo forms intracellular insoluble aggregates and is found also in extracellular
vesicles isolated from plasma of ALS patients (Zhang et al., 2007; Nonaka et al., 2009; Casarotto et al., 2022). Multiple
sequences alignment of FARP1 proteins and TDP-43 shows they both present a conserved KRK motif; in FERM domain of
zebra fish FARP1 this sequence motif is exposed and in human FARP1 it includes K273 and R274 essential for in vitro

binding to lipids (Kuo et al., 2018). In hsTDP-43, the KB82RK84 sequence is located in the loop which connects the NTD and
RRM domains (Figure 1A, 1C and 1F) and acts as recognition sequence for importin a1/ (Ayala et al., 2008; Nishimura et al.,
2010; Doll et al., 2022).

Considering that TDP-43 RRM motifs are monomeric each on its own, and when in tandem (Kuo et al., 2009; Lukavsky et al.,
2013), for DALI comparison of RRM1 we used as query its crystal structure, PDB 4YOF (Chiang et al., 2016) and NMR
structure, PDB 4BS2 (Lukavsky et al., 2013; the RRM1 half). The results show they are both similar to the RRM domain of
human peptidyl prolyl cis-trans isomerase PPIE/CYP33 (hereinafter CYP33) PDB 2KU?7 and PDB 3MDF (Wang et al., 2011;
Hom et al, 2010; Z=8.7, rmsd=1.6 A; Z=11, rmsd=2.2 A, similarity to 4YOF and to 4BS2, respectively; Figure 1E Left ). For
DALI comparison of TDP-43 RRM2, we used as query mouse TDP-43 RRM2 crystal structure, PBD 3D2W (Kuo et al., 2009)
and human TDP-43 RRM2 NMR structure, PDB 4BS2 (Lukavsky et al., 2013; the RRM2 half) and results show that also they
are structurally similar to RRM of human CYP33, PDB 3LPY (Wang et al, 2011; Z=12.7, rmsd=1.4 A, and Z=10.1, rmsd=1.8
A, respectively for 3D2W and 4BS2; Figure 1E Right). Nonetheless, CYP33 RRM and TDP-43 RRM domains differ in the
loop which in hsTDP-43 RRM2 contains amino acids from F221 to F229 and comprises the cis P225; this loop is shorter in
TDP-43 RRM2 than the topologically corresponding loops in CYP33 RRM and in TDP-43 RRM1, which don't contain any
proline (Figure 1E and 1G).

From a functional point of view, CYP33 is an essential human protein involved in splicing and chromatin remodelling, and it
contains RRM and PPlase cyclophilin-type domain. CYP33 RRM domain binds preferentially single stranded polyA and
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polyU RNAs and RNA binding triggers the foldase activity of its PPIase domain (Wang et al., 2008; Loyd et al. 2021; Blatter
et al., 2023). We therefore aligned the full-length sequence of human CYP33, as well as the sequences of its separated RRM
and PPIase domains, to the full-length sequence of human TDP-43 and sequences of its isolated domains (Figure 1G). In this

comparison, we noticed that CYP33 sequence motif K¥0GFGV!84 involved in substrate binding and located in PPlase

domain near the catalytic site is present also in TDP-43 RRM1 domain (hsTDP-43 K*GFGV!49), in the B3 strand that is
directly involved in RNA binding (Lukavsky et al., 2013). However, it should be considered that there are no nearby residues
in TDP-43 sequence which correspond to catalytic arginine and serine typical of peptidyl prolyl cis-trans isomerases E, and in
particular of CYP33 (Wang et al., 2005; Davies et al., 2010)(Figure 1G).

In summary, structural comparison of human TDP-43 domains revealed a similarity to membrane-binding protein FARP1 and
to protein chaperons BAG6 and CYP33. Similarity of TDP-43 amino terminal domain to lipid-binding domain of FARP1 and
the effects of cholesterol and phosphatidylcholine on in vitro fibrillation of recombinant TDP-43 constructs, suggest that TDP-
43 can bind cellular membrane lipids and that lipids can affect TDP-43 propensity to aggregate. Notably, TDP-43 regulates
splicing of proteins important for cholesterol biosynthesis (Egawa et al., 2022) and cholesterol metabolism is altered in ALS
patients (Abdel-Khalik et al., 2017), whilst phosphatidylcholine has neuroregenerative effects on cultured neural stem cells
under inflammatory stress (Magaquian et al., 2021). Direct contacts of TDP-43 and cell membrane lipids could therefore occur
during TDP-43 intracellular and intercellular translocations and in extracellular vesicles isolated from the plasma of ALS and
FTLD patients. Such interactions may influence cellular localization of TDP-43 as well as its packing into extracellular
vesicles and may be relevant for cell-to-cell propagation of pathogenic TDP-43 in ALS and FTLD (Nonaka et al., 2013; Porta
et al., 2018; Casarotto et al., 2022; Chattarjee et al., 2024). In addition, the structural similarity of TDP-43 NTD and RRM
motifs to protein chaperons BAG6 and CYP33, respectively, suggest that the TDP-43 protein might have an active, direct role
in self-chaperoning. Indeed, multiple sequences alignment of TDP-43 and CYP33 reveals presence of a sequence motif in
TDP-43 RRM1 which in CYP33 PPlase domain contributes to substrate binding. However, it is important to keep in mind that
in TDP-43 there is no conservation of catalytic residues which are essential for CYP33 foldase activity. Hence, it is unlikely
that TDP-43 may act as a peptidyl prolyl cis-trans isomerase. Nonetheless, in nature there are peptidyl prolyl cis-trans
isomerases which act only as chaperons without acting as foldases. Hence, the similarity of TDP-43 to BAG6 and to CYP33
may suggest that TDP-43 could have chaperon activity which may be relevant for its aggregation or for organization of TDP-
43-containing complexes and condensates. At the moment, it remains unknown which PPIase is responsible for peptidyl prolyl
cis-trans isomerization in TDP-43 RRM2, although potential links between TDP-43 functions and PPIases cyclophilin A and
PIN1 have been recently reported (Pasetto et al., 2021; Kato et al., 2022). In theory, based on cyclophilin A’s and Pinl's
substrate preferences, these PPIases may not be responsible for the peptidyl prolyl cis-trans isomerization of TDP-43 RRM2
P225. Nonetheless, other PPlases such as members of FKBP family may be responsible, and in particular those that are
already linked to neurological diseases, for example FKBP12, FKBP51, or FKBP52 (Sugata et al., 2009, et al., 2011; Blair et
al., 2013; Manabe et al., 2002). Taken together, however, our results nonetheless support the hypothesis that further structural
characterization of TDP-43 multidomain constructs and of the full length TDP-43 will presumably allow a thorough
understanding of lipid binding and peptidyl prolyl cis-trans isomerization relevance for TDP-43 proteostasis.

Methods
Protein production

Human TDP-43 (Uniprot Q13148) constructs were produced in Escherichia coli and purified as previously described
(Sjekloca and Buratti, 2024). For all interaction essays we used only recombinant proteins without any tag and their purity and
identity were checked by size exclusion chromatography (SEC), SDS-PAGE (NuPAGE Bis-Tris 4-12%, ThermoFisher) and
mass spectrometry. Proteins were used in SEC buffer: 150 mM KCI, 20 mM NaCl, 1 mM MgCl,, 5% glycerol, 50 mM Hepes-
KOH pH 7.7, 2 mM 2- mercaptoethanol.

Bioinformatic analysis

Structure comparison was performed by DALI protein structure comparison server (Holm, 2020); crystal structure of TDP-43
NTD was used as query against entire PDB (Bernstein et al., 1977); crystal structures of RRM1 and RRM2 as well as NMR
structure of tandem RRMI1-RRM2 domains (used as halves) were used as queries. Multiple sequences alignment was
performed by Clustal Omega (Madeira et al., 2024) and used together with PDB structures of TDP-43 NTD, RRM1 and
CYP33 RRM and PPlase domains as input for ESPRIPT (Robert and Gouet, 2014) to render sequence similarities and
secondary structure information; sequences used for alignment were retrieved from Uniprot protein data base: human TDP-43
(Q13148), mouse TDP-43 (Q921F2), chicken TDP-43 (Q5ZLNS5), fish TDP-43(Q802C7), human FARP1 (Q9Y4F1), mouse
FARP1 (F8VPU2), chicken FARP1 (F1P065), fish FARP1 (E9QIC8), human CYP33 (Q9UNP9) and mouse CYP33
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(Q9QZH3). Human TDP-43 was analyzed by DisoLipPred (Katuwawala and Kurgan, 2021), Aggrescan (Conchillo-Solé,
2007) and WALTZ (Louros et al., 2020).

Thioflavin T fluorescence measurements

Thioflavin T (AbCam) was dissolved in SEC buffer at 1 mM concentration and filtered (0.22 pM cutoff). TDP-43 protein
samples were at 50 pM concentration. Protein samples (150 pL) were incubated for 30 min at 37°C or 65°C, in a thermomixer
set to 600 rpm (Eppendorf); 1 mM thioflavin T (1.5 pL) was added to final concentration 10 pM, and incubation was
proceeded at 37°C or 65°C for another 30 min, at 600 rpm. Upon incubation, samples were briefly centrifuged at 100 rpm,
delicately pipetted and transferred in an OptiPlate-96F microplate (PerkinElmer), and ThT fluorescence intensity was recorded
in wavelength range 480-520 nm, using multimode plate reader (PerkinElmer EnVision 2104) with excitation filter of 450 nm.
Cholesterol (Sigma) and phosphatidylcholine (Sigma) were dissolved separately to 100 mM in warm 100% methanol, mixed
at 1:5 ratio in SEC buffer, vortexed for 60 sec and then used at final concentration of 50 pM and 250 pM, respectively, by
adding their mixture to protein solution just before incubation at 65°C which lasted 30 minutes, after what 1 mM thioflavin T
(1.5 pL) was added to final concentration 10 pM, and incubation was proceeded at 65°C for another 30 min, at 600 rpm. All
experiments were repeated three times.
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