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by the patient include severe intellectual disability, poor or 
absent speech, teeth grinding, spinal curvature, small feet/
cold feet, gait instability, cerebral and cerebellar atrophy, and 
difficulty swallowing (1). Three siblings with age ranging from 
newborn to 12 years exhibited similar phenotypes along with 
myopia, delayed psychomotor development, spasticity, and 
abnormal muscle contraction (2). 
	 LOMARS is reminiscent of Rett syndrome, which is a 
progressive neurodevelopmental disease primarily caused 
by mutations in the X-linked Methyl-CpG Binding Protein 2 
(MECP2) (3–8). MECP2 is a chromatin-associated protein 
that regulates transcription of methylated DNA by repressing 
gene expression (6, 7, 9). MECP2 is composed of five 
major domains: methyl-CpG binding domain, N-terminal 
domain, inter-domain, transcription repression domain, and 
C-terminal domain (4). One way that MECP2 regulates gene 
expression is through DNA methylation, which plays a key 
role in long-term gene silencing.  (5). Through the N-terminal 
domain, MECP2 recognizes methyl CpGs, which are sites 
in DNA where a phosphate group separates cytosine and 
guanine, in gene promoters and binds to non-methylated 
DNA (5). Thereafter, MECP2 methylates DNA and represses 
transcription of targeted genes (5). Since the clinical 
manifestation of LOMARS is closely related to that of Rett 
syndrome (3–8), it is possible that MECP2 is also involved in 
the pathology of LOMARS. 
	 In order to initiate DNA methylation, MECP2 recruits 
and binds to other transcriptional regulators and chromatin 
remodeling enzymes to silence gene expression (6). Out of 
multiple proteins associated with transcriptional regulation, 
the Huntingtin (HTT) protein is known to interact with MECP2 
in mouse and cellular models (6, 7). HTT is a ubiquitously 
expressed nuclear protein that binds to various transcription 
factors to regulate transcription (10). A particular mutation of 
a trinucleotide repeat (CAG) in HTT results in a polyglutamine 
(polyQ) expansion in the N-terminal domain of HTT (6, 10, 
11). As a result, mutant HTT leads to the development of 
Huntington’s disease (HD), a severe neurodegenerative 
disease. Recently, a study conducted by McFarland et al. 
reported the polyQ expansion to significantly increase the 
binding between Htt and Mecp2 in the striatum of mouse 
models with mutant Htt in comparison to those with wild-
type (WT) Htt (6). Moreover, in the striatal neurons of the 
mouse models, the polyQ expansion increased Htt-Mecp2 
interactions both in the nucleus and cytoplasm. As a result, 
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SUMMARY
	 Lopes-Maciel-Rodan syndrome (LOMARS) 
is a rare and serious neurodevelopmental disorder 
caused by two compound heterozygous missense 
mutations in the Huntingtin gene (HTT). LOMARS is 
related to Rett syndrome, which is primarily caused 
by mutations in X-linked Methyl-CpG-Binding Protein 
2 (MECP2), since it results in Rett-like neurological 
phenotypes and manifestations. While HTT and MECP2 
proteins are not known to directly bind to each other, 
it is plausible that other protein(s) enable and enhance 
this protein-protein interaction (PPI). This study 
reports the involvement of pre-mRNA Processing 
Factor 40 Homolog B (PRPF40B) in mediating the 
PPI between HTT and MECP2. By using coevolution 
data, we found that PRPF40B interacts with both 
HTT and MECP2 through its group II WW domain, a 
modular protein domain that mediates protein-protein 
interactions. We also revealed that multiple missense 
and splice region variants in PRPF40B result in 
LOMARS and Rett-like phenotypes, suggesting that 
weakened interactions between mutant PRPF40B 
and wild-type MECP2 are likely to be associated with 
the phenotypes. Furthermore, upon docking wild-
type and mutant models of HTT with PRPF40B, we 
observed that the LOMARS-associated mutations 
significantly weaken HTT-PRPF40B interactions. We 
also performed similar docking experiments on SIN3A 
and PRPF40A, which is a protein that is highly related 
in structure and function to PRPF40B and observed 
that the mutations also weaken their interactions 
with HTT. Overall, this study demonstrates the 
significant role of HTT-PRPF40B-MECP2 interactions 
in the development and progression of LOMARS and 
suggests the involvement of similar PPI disruption in 
Rett syndrome. 

INTRODUCTION
	 Lopes-Maciel-Rodan Syndrome (LOMARS) is a rare 
autosomal recessive neurodevelopmental disease that 
develops during infancy (1, 2). Compound heterozygous 
missense mutations (p.P703L and p.T1260M) located in 
the Huntingtin gene (HTT) are associated with the onset of 
LOMARS (1, 2). A total of four patients have so far met the 
diagnostic criteria for LOMARS. An 18-year-old girl exhibited 
developmental regression at six months of age and developed 
seizures at eight months (1). Other phenotypes experienced 
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the mutant Htt increased the binding of Mecp2 to methylated 
DNA, which led to increased repression by Mecp2 and 
the underexpression of genes that are essential for the 
maintenance of neuronal health and brain development (6). 
 	 Given that the interaction between Htt and Mecp2 is 
significantly increased in the presence of the polyQ repeat, 
we suspect that the binding affinity between Htt and Mecp2 
may substantially decrease in the absence of the polyQ 
repeat. McFarland et al. observed the interaction between 
the two proteins to be weaker in the striatum of the mouse 
models with only WT Htt (6). Likewise, they observed the 
interactions to be weaker in the cytoplasm of the striatal 
neurons with WT Htt (6). Moreover, an in vivo study by Roux 
et al. reported WT Htt levels to be significantly decreased in 
Mecp2 deficient mouse brains (7). Roux et al. found reduced 
Htt levels in the hippocampus, hypothalamus, and the cortex 
(7). Additionally, they found abnormal transcription rates and 
disruption of cellular process, such as protein trafficking, to 
be associated with decreased Htt levels in Mecp2 deficient 
brains (7). Together, this suggests that HTT and MECP2 are 
likely to interact in vivo without the polyQ expansion and in the 
absence of MECP2.
	 When the polyQ repeat is absent, we hypothesize that 
other proteins might mediate and enhance the PPI between 
WT HTT and MECP2. While several proteins are known 
to interact with HTT and MECP2, prior experiments have 
shown pre-mRNA processing factor homolog B (PRPF40B) 
to be a common interactor between the two proteins (5, 11). 
PRPF40B consists of two WW domains, including group I and 
II WW domains, and six FF domains. WW domains, which 
consist of two tryptophan residues that are 20–22 amino acids 
apart, are small protein domains that interact with proline-rich 
regions by forming three antiparallel β-sheets (5, 11). An FF 
domain, which is ~50–60 amino acids in length and composed 
of three α-helices, is known to be involved in transcriptional 
regulation as it is located in multiple splicing factors (29). 
One particular domain of PRPF40B, the group II WW domain 
(p.L133–p.D166), is known to bind to both HTT and MECP2 
(5, 11). Existing studies have shown that weakened binding of 
Prpf40b with mutant Htt (polyQ expansion) and Mecp2 results 
in phenotypes that are closely related to that of LOMARS and 
Rett syndrome, making it an important protein to investigate. 
One study has identified several mutations on Mecp2, 
including C-terminal truncations and frameshift mutations, 
that abolish Mecp2’s binding with the group II WW domain 
of prpf40b in mouse models (5). Likewise, another study has 
found the polyQ expansion in Htt to influence the binding 
between prfpf40b and Htt (11). PRPF40B is also involved in 
pre-mRNA splicing and vesicle transport, which are some 
of the major processes that are likely to be disrupted in 
LOMARS and Rett syndrome (11). Given recent experimental 
evidence and PRPF40B’s functional role, it seems possible 
that PRPF40B could be involved in LOMARS.
	 Here, we attempt to investigate the role of PRPF40B 
in mediating the PPI between HTT and MECP2. We 

hypothesize that the mutations on HTT can abrogate binding 
between the group II WW domain of PRPF40B and HTT 
resulting in an overall disruption between HTT, PRPF40B, 
and MECP2 interactions. We first establish the interaction of 
PRFP40B with HTT and MECP2 by examining coevolution 
and the genome wide association data (GWAS), which 
identifies several mutations in PRPF40B that result in 
LOMARS and Rett syndrome phenotypes. Importantly, in 
order to evaluate our hypothesis and investigate the effects 
of the LOMARS-associated mutations on the HTT-PRPF40B 
interaction, we perform molecular docking between WT 
and mutant models of HTT and the group II WW domains 
of PRPF40B using the HADDOCK2.4 software. We found 
the interactions between HTT and the group II WW domains 
to be significantly weakened in mutant complexes. Overall, 
the results from our protein docking analysis reinforce our 
prediction that the LOMARS-associated mutations disrupt 
binding between HTT and PRPF40B, leading to a complete 
HTT-PRPF40B-MECP2 PPI disruption. Furthermore, similar 
docking experiments were performed to find potential effects 
of the LOMARS-associated mutations on the interactions of 
SIN3A and PRPF40A, a mammalian ortholog of the yeast 
pre-mRNA splicing factor Prp40, with HTT and MECP2. Our 
analysis revealed that the mutations weaken the interaction of 
PRPF40A and SIN3A with HTT, suggesting that they may also 
be involved in the pathology of LOMARS and Rett syndrome.

Table 1: Ten missense and three splice region variants located 
in PRPF40B. gDNA and amino acid substitutions for each missense 
variant. We found one mutation (g.49633074G>A), shaded in green, 
in the group II WW domain encoding region of PRPF40B to result 
in an amino acid substitution of p.D137N.  We also show the DNA 
substitutions for each splice region variant. Amino acid substitutions 
were absent for the splice region variants. All variants were mapped 
to GRCh38.13

Missense Variants
Genomic Position Amino Acid Substitution

g.49631906C>T p.A92V
g.49633074G>A p.D137N
g.49634020A>G p.D247A
g.49635149C>T p.A351V
g.49635209C>T p.T371I
g.49635395G>T p.E399D
g.49641923G>C p.V595M
g.49642281A>C p.E644A
g.49643364C>T p.R783W
g.49643695T>A p.H795Q

Splice Region Variants
NM_001031698.3:c.580+3G>A
NM_001031698.2:c.1166+5G>C
NM_001031698.2:c.580+7T>A
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RESULTS
Differentiation between the compound heterozygous 
missense mutations
	 Compound heterozygous missense mutations located on 
HTT are likely responsible for the onset of LOMARS (1, 2). We 
obtained mutational data from gnomAD v2.1.1 and ClinVar to 
examine the two mutations at an individual level (16). The 
first mutation, g.3133374C>T, which has a total population 
frequency of 0.00008055%, results in a p.P703L missense 
mutation in HTT and is classified as pathogenic in ClinVar 
(Accession ID: VCV000417742.1, Variation ID: 417742). The 
second mutation, g.3162034C>T, which has a population 
frequency of 0.008306%, results in a p.T1260M missense 
mutation in HTT and is classified as having conflicting 
interpretations of pathogenicity in ClinVar (Accession ID: 
VCV000417743.2, Variation ID: 417743). Since the p.T1260M 
mutation is found at a higher level in a “healthy” population, 
it is less likely to be deleterious than the p.P703L mutation. 
However, the effects of p.T1260M may increase when present 
in trans with p.P703L (2). This combinational scenario can 
increasingly impair the WT function of HTT and potentially 
impact other HTT interacting proteins, leading to LOMARS 
and Rett-like phenotypes (2).

Co-evolution analysis between HTT and MECP2 indicates 
PRPF40B is a common binding partner between the two 
proteins
HTT and MECP2 exhibit weak interactions without the 
presence of polyQ expansion (6). Therefore, it is possible 

for other proteins to mediate interactions between HTT and 
MECP2. Through the MatrixMatchMaker database of co-
evolving proteins (MMM-D), we were able to find 78 proteins 
that are predicted to interact with HTT, and 27 proteins that 
are predicted to interact with MECP2 (see materials and 
methods). The database uses three different criteria for 
predicting coevolution between proteins: known interaction, 
unknown interaction, and MMM score. The typical cutoff value 
for MMM scores is ≥5 (12). When the MMM score is high (≥5), 
the coevolution between proteins is stronger, which indicates 
a high likelihood of PPI (12). For known protein interactions, 
scores below five indicate weak interactions between two 
or more proteins. While the low scores do not necessarily 
indicate an absence of interactions between proteins, they 
suggest that the strength of the physical interactions (residue-
residue) at the binding interfaces is weaker (12). 
 	 We found 31 HTT interacting proteins to have a MMM 
score greater than or equal to 6, while the remaining 47 
HTT interacting proteins had a score in the range of 1–5. 
In comparison, we found all 27 MECP2 interacting proteins 
to have a score at or below 5. In order to find out whether 
MECP2 and HTT share common interacting proteins or not, 
we compared the MMM score of 105 proteins (see materials 
and methods). Consequently, we located three known 
proteins that interact with both MECP2 and HTT: SIN3A, 
PRPRF40B, and SP1. The SIN3A (MMM = 5) and PRFP40B 
(MMM = 6) proteins were more likely to coevolve with HTT 
than SP1 (MMM = 5). On the other hand, in the coevolution 
dataset of MECP2, all the three proteins had a MMM score of 

Figure 1: Mutations in PRPF40B are associated with LOMARS and Rett-like phenotypes. The heatmap illustrates the association 
between 10 missense and 3 splice region variants in PRPF40B and 13 phenotypes that are closely related to LOMARS and Rett syndrome. 
The p values, which are rounded to three decimal places, represent the genotype-phenotype association. The deep red color indicates 
a stronger association while the deep blue color indicates a weaker association between variants and phenotypes. Empty boxes indicate 
absence of phenotype in patients with a specific variant. 
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5. Since the MMM score of SP1 was lower in the coevolution 
dataset of HTT, it suggests that the interaction between SP1 
and HTT might be significantly weaker than that of SIN3A and 
PRPF40B. Therefore, SIN3A and PRPF40B are more likely to 
bind and interact with both HTT and MECP2. 
 	 Co-evolutionary connections between protein families also 
highlight functional relationships between coevolving proteins 
(12). Both SIN3A and PRPF40B participate in transcriptional 
regulation, which may indicate a close functional relationship 
with MECP2 and HTT. SIN3A inhibits chromatin binding, 
participates in transcriptional coactivation and corepressor, 
and enables protein binding (17, 18). Likewise, the PRPF40B 
protein is known to mediate protein-protein binding and 
regulate pre-mRNA splicing (11, 17). Existing experimental 
evidence has established Prpf40b as an important binding 
partner of Htt and Mecp2 in mouse models. A study found that 
a C-terminal truncation of Mecp2[1–471] by 15 amino acids, 
large frameshift deletions, and an internal deletion result in 
developmental regressive phenotypes, including moderate 
mental retardation, by abrogating binding with Prpf40b (5). 
Additionally, disruptive interactions between mutant Htt 
(polyQ repeat) and Prpf40b result in subtle differences in their 
binding and are possibly associated in HD pathology (11). 
Altogether, both the MMM scores and existing experimental 
evidence suggest that the HTT and MECP2 proteins bind and 
interact with PRPF40B. 

Mutations in PRPF40B are associated with LOMARS and 
Rett like-phenotypes
	 An in vivo experiment conducted by Buschdorf et al. has 
identified a large cluster of Rett causing frameshift mutations 
in Mecp2 that abrogates binding between the group II WW 
domain of Prpf40b and Mecp2 (5). These mutations are 
located in the proline-rich region of mutant Mecp2[1–400] (5). 
Mutant Mecp2[1–438], which has a Rett syndrome causing 

frameshift mutation at residue 436, restricts Mecp2 from 
binding to the group II WW domain in vitro (5). Additionally, 
the study reports a C-terminal truncation, along with two 
mutations in Mecp2[325–486], and large in-frame deletion 
to result in mental retardation (5). The results from this 
experiment indicate that mutations in Mecp2 disrupt Mecp2’s 
binding with the group II WW domain of Prpf40b and result in 
Rett-like phenotypes. 
 	 As Mecp2 mutations abrogate binding to Prpf40b, we 
reasoned that the mutations in PRPF40B could also be 
associated with Rett-like phenotypes. In order to evaluate 
our prediction, we used the UKBiobank TOPMed-imputed 
PheWeb database to locate mutations in PRPF40B. We 
found ten missense (Table 1) and three splice region 
(Table 1) mutations to be located at several regions in 
PRPF40B (19). The mutations were associated with 13 
phenotypes (Figure 1). Out of those 13 phenotypes, 8 of 
them were previously reported in patients diagnosed with 
LOMARS, including recurrent seizures, gait instability, sleep 
disorder, myopia, speech disturbance, shortness of breath, 
dysphagia, scoliosis, and kyphoscoliosis. The remaining five 
phenotypes, which are cerebral degeneration, developmental 
delay, abnormal movement, ataxia, and myopathy, are closely 
related to the clinical synopsis and pathology of LOMARS and 
Rett syndrome. Furthermore, we found one specific missense 
mutation (g.49633074G>A) to be located in the group II WW 
domain encoding region of PRPF40B. Further examination 
of the mutation revealed its association with two additional 
phenotypes: abnormalities of the jaw (p = 0.014) and walking 

Figure 2: WT HTT and PRPF40B interaction. (A) The green protein 
is HTT and the yellow protein is PRPF40B. This panel depicts the 
overall WT HTT-PRFP40B interaction. (B) This panel depicts the 
binding interface between WT HTT and PRPF40B (orange circle). 
The blue color represents the defined active residue of HTT (p.P703), 
and the red color represents the active residues of PRPF40B 
(p.L133–p.D166). Protein structures created using PyMOL.

Figure 3: LOMARS-causing mutations disrupt interaction 
between HTT and PRPF40B. The dark blue color represents 
nitrogen atoms, the red color represents oxygen atoms, and the white 
color represents hydrogen atoms. The green protein is HTT, and the 
yellow protein is PRPF40B. Within the active residues of PRPF40B, 
p.S135 and p.Q136 (light blue) are specifically interacting with 
residue 703 (orange) of HTT. (A, B) The WT HTT (p.P703) interacts 
with p.S135 and p.Q136 by forming close bonds. (C, D) However, 
the mutant HTT (p.L703) weakens the normal bonding by creating 
several clashes and repelling the residue-residue interactions. 
Protein structures created using PyMOL.
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Figure 4: LOMARS-causing mutations disrupt interaction between HTT and PRPF40A. The dark blue color represents nitrogen atoms, 
the red color represents oxygen atoms, and the white color represents hydrogen atoms. (A) WT HTT (green) interacting with PRPF40A (light 
blue). (B) In the WT complex, the p.S193, p.G194, p.K195, and p.P196 active residues (pink) of PRPF40A are interacting with the residue 
p.P703 (orange) of WT HTT. (C) In the double-mutant complex, the p.K191, p.S192, p.D193, and p.Y198 active residues of PRPF40A are 
interacting with the residue p.L703 of mutant HTT. The surface and stick view depicts the interaction interfaces in panels B and C to eliminate 
unnecessary surrounding residues. Protein structures created using PyMOL.

Figure 5: LOMARS-causing mutations disrupt interaction between HTT and SIN3A. The dark blue color represents nitrogen atoms, 
the red color represents oxygen atoms, and the white color represents hydrogen atoms. (A) WT HTT (green) interacting with SIN3A (light 
blue). (B) In the WT complex, the residues p.W518 and p.N521 (yellow) of SIN3A are interacting with the residue p.P703 of WT HTT. (C) In 
the double-mutant complex, the residues p.E527, p.S528, and p.V529 of SIN3A are interacting with p.L703 of mutant HTT. Protein structures 
created using PyMOL.
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difficulties (p = 0.041). While the p values (see materials and 
methods) for majority of the phenotypes are greater than 0.05, 
it is suggestive that mutations in PRPF40B cause LOMARS 
and Rett-like phenotypes by weakening or abrogating binding 
with MECP2. While mutations abrogating the interaction 
between Mecp2 and Prpf40b result in Rett syndrome, it is 
possible that mutations affecting the interaction between HTT 
and PRPF40B may also result in similar phenotypes. 

Structural analysis of protein-protein interaction 
between PRPF40B and HTT
	 Since HTT is important in the pathology of LOMARS, 
understanding its interaction with the group II WW domain 
of PRPF40B could give insights into the key binding areas 
between the two proteins. In order to analyze the interactions 
between HTT and PRPF40B, we used the High Ambiguity 
Driven protein-protein Docking software 2.4 (HADDOCK 2.4). 
HADDOCK uses experimental data from Crystallography and 
NMR system (CNS) as restraints and then applies energetics 
and shape complementarity to dock biomolecules together 
(13, 14). We obtained the full-length structure of HTT from 
Research Collaboratory for Structural Bioinformatics Protein 
Data Bank (RCSB PDB) (PDB ID: 6RMH) and the predicted 
full-length structure of PRPF40B (Uniprot ID: Q6NWY9) from 
AlphaFold (20, 21). We first docked WT HTT with the group II 
WW domains of PRPF40B (Figure 2A). As a general docking 
protocol, HADDOCK requires users to define the Ambiguous 
Interaction Restraints (AIRs), which are classified as active and 
passive residues, before docking. Although p.T1260 is the site 
of one of the LOMARS-associated mutations, we suspect that 
p.T1260 will be absent at or near the HTT-PRFP40B binding 
interface due to its low level of pathogenicity. Therefore, we 
defined p.P703 as the active residue for HTT and p.L133–p.
D166 (group II WW domain) as the active residues of 
PRPF40B (Figure 2B). For post-docking summary and 
results, HADDOCK generated the top 10 predicted “clusters”, 
each consisting of 4 predicted structures of protein complexes 
of the HTT-PRFP40B interaction. The clusters were ranked 
based on their HADDOCK and z scores. A cluster is deemed 
reliable and accurate if it has a larger negative HADDOCK 
and z score. We selected the first, or top ranking, WT cluster 
based on its low HADDOCK (~ -35.5) and z score (-1.9). Within 
the WT cluster, we observed the four predicted structures to 
be highly similar (RMSD < 0.2). Further visual analysis of the 
WT cluster revealed that p.T1260 was, indeed, not located at 
or near the active sites of HTT and PRPF40B, suggesting that 
it may not solely disrupt HTT-PRPF40B interaction. 
 	 In order to observe differences in binding in the presence 
of LOMARS-associated mutations in HTT, we docked three 
separate models of mutant HTT with PRPF40B: i HTT p.P703L, 
ii HTT p.T1260M, and iii  HTT p.P703L and p.T1260M. We 
defined the active residues for model i as p.L703, model ii as 
p.M1260, and model iii as both p.L703 and p.M1260. Here, 
we defined p.M1260 as the active residue to observe its 
impact on binding between HTT and PRFP40B. We selected 

the first cluster of mutant HTT and PRPF40B based on the 
low HADDOCK (~ -30.5) and z scores (~ -1.8) of the cluster. 
Within each cluster, we observed the four predicted protein 
complexes to be also similar (RMSD < 0.26). Despite defining 
p.M1260 as the active residue in models ii and iii, we observed 
the residue was not located near the binding interface, which 
suggests that p.M1260 may not be directly interacting with the 
group II WW domain of PRPF40B. 
 	 We used the predicted structural complexes of HTT and 
PRPF40B from HADDOCK to measure binding affinity in 
Protein Binding Energy Prediction Software (PRODIGY) 
(22,23). PRODIGY uses a robust linear regression algorithm 
of residue-residue contacts (interfacial contacts) and 3D 
structures of protein complexes to predict binding affinity 
(23). The Gibbs free energy (ΔG), measured in kcal mol-1, 
and the equilibrium dissociation constant (Kd), measured in 
molar units (M) , describe the binding affinity. A high ΔG and 
Kd represent a stronger binding affinity between proteins in a 
complex. We observed the WT cluster to possess stronger 
binding affinity (ΔG = -11.3 kcal mol-1, Kd = 5.4E-09 M) (Figure 
3A–B) when compared to other mutant structures of the HTT-
PRPF40B complex. The HTT-PRPF40B complex with HTT 
p.P703L had slightly weaker binding affinity (ΔG = -9.9 kcal 
mol-1, Kd = 5.7E-08 M) (Figure 3C–D), while the complex 
with HTT p.P703L and p.T1260M had a much weaker binding 
affinity (ΔG = -7.4 kcal mol-1, Kd = 4.0E-06 M). In contrast, the 
binding affinity of HTT p.T1260M (ΔG = -10.2 kcal mol-1, Kd 

= 3.1E-08 M) was nearly similar to the binding affinity of the 
WT cluster. These findings indicate that HTT p.P703L has a 
greater effect on the ability of HTT to bind to PRPF40B than 
HTT p.T1260M. Interestingly, we observed the binding affinity 
between HTT and PRPF40B to be significantly weaker under 
the presence of both LOMARS-associated mutations (double 
mutants), suggesting that a combinational effect is far more 
disruptive. While individual mutations are likely to reduce the 
binding affinity to some degree, a combination of p.P703L 
and p.T1260M may completely abrogate the binding between 
HTT and PRPF40B. 

Structural analysis of protein-protein interactions 
between PRPF40A/SIN3A and HTT
	 In order to assess whether the docking results are specific 
to PRPF40B, we performed similar experiments on PRFP40A 
and SIN3A proteins which are both known to interact with HTT. 
We obtained the predicted full-length structures of PRPF40A 
(UniProt ID: Q9R1C7) and SIN3A (UniProt ID: Q60520) from 
AlphaFold (21). While PRPF40A also contains six domains 
(group I and II WW and six FF domains), its group II WW 
domain (p.L181–p.E214) binds specifically to HTT (11). In order 
to observe the effects of the LOMARS-associated mutations 
on HTT-PRPF40A interaction, we docked two separate HTT 
models with the group II WW domain of PRPF40A: WT HTT 
and the double mutant HTT. Considering that a combinational 
effect of mutations has the most damaging effect on protein 
interactions, we chose to focus only on the double mutant 
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HTT model. In HADDOCK, we defined p.L181–p.E214 as 
the active residues of PRPF40A. For the WT interaction, we 
chose the top ranked cluster with a low HADDOCK (-48.9 
+/- 1.7) and z score (-2.3). Similarly, for the interaction with 
double mutant HTT, we chose the top ranked cluster with 
a low HADDOCK (-33.6 +/- 6.2) and z score (-1.7). Further 
analysis of each of the clusters in PRODIGY revealed that the 
WT complex (ΔG = -9.8 kcal mol-1, Kd = 6.4E-08 M) (Figure 
4A–B) possesses stronger binding affinity than the complex 
with double mutant HTT (ΔG = -8.6 kcal mol-1, Kd = 5.3E-
07 M) (Figure 4C). This suggests that under the presence 
of both the LOMARS-associated mutations, the interaction 
between the group II WW domain of PRPF40A and HTT is 
weakened.
	 Furthermore, we repeated the same protein docking 
experiment with SIN3A. Since this protein also has an MMM 
score of five and coevolves with HTT, we predicted that 
LOMARS-associated mutations would have similar effects on 
its interaction with HTT. Little is known about the interaction 
between SIN3A and HTT, so we defined the surface residues 
of SIN3A as passive. This allowed HADDOCK to take all of 
the surface residues into consideration while disregarding the 
ones that are not likely to belong to the interaction interface. 
Upon performing docking, we chose the top ranked WT cluster 
with a low HADDOCK (-61.6 +/- 0.6) and z score (-0.9), and 
also the top ranked cluster of double mutant HTT with a low 
HADDOCK (-53.6 +/- 6.3) and z score (-1.0). We found the 
complex with double mutant HTT (ΔG = -6.6 kcal mol-1, Kd = 
1.5E-05 M) (Figure 5C) to weaken the binding between SIN3A 
and HTT when compared to the WT complex (ΔG = -7.4 kcal 
mol-1, Kd = 3.5E-06 M) (Figure 5A–B). Together, the results 
from PRODIGY suggest that the double LOMARS-associated 
mutations on HTT are likely to disrupt the interaction between 
SIN3A and HTT.

DISCUSSION
	 In this study, we investigated the relationships of protein-
protein interactions between HTT, PRPF40B, and MECP2. 
We initially found the interaction between PRPF40B and 
HTT/MECP2 through the MMM-D database of co-evolving 
proteins and existing experimental evidence (5, 11). The high 
MMM scores of PRPF40B suggest that PRPF40B coevolves 
with HTT and MECP2 and, thus, interacts with them. The 
high MMM score can be explained by two concepts: common 
phylogenetic diversity and correlated rates of evolution. 
One explanation is that the interacting proteins (PRPF40B, 
HTT, and MECP2) are likely to follow a main phylogenetic 
signal and remain conserved in eukaryotes, resulting in high 
rates of coevolution and strong interactions (12). Another 
possibility of the high MMM score is that the proteins are 
likely to possess correlated rates of evolution over a larger 
evolutionary period (12). Together, these concepts could 
explain why the interactions between PRFP40B, HTT, and 
MECP2 are strong. Additionally, the GWAS data from UK 
Biobank TOPMed-Imputed PheWeb supports our initial 

coevolution findings that suggest PRPF40B interacts with 
MECP2. We found the mutations in PRFP40B to result in 
phenotypes associated with LOMARS and Rett syndrome. 
Our GWAS findings suggest that mutations at several regions 
in PRPF40B, including one missense mutation in the group 
II WW domain, can perhaps impair PRPF40B’s binding with 
MECP2 and lead to similar deteriorating phenotypes. There 
is a favorable likelihood of correlation between mutations 
and reduced interactions between PRPF40B and MECP2. 
More importantly, our docking and binding affinity results 
from HADDOCK and PRODIGY reveal details about the 
binding interface between HTT and the group II WW domain 
of PRPF40B. While previous studies have used mouse 
models to observe interactions between HTT and PRPF40B, 
we utilized the predicted full-length structures of human 
PRPF40B and HTT. We found the mutant HTT-PRPF40B 
complexes to possess weaker binding affinity than the WT 
complex. This supports our initial hypothesis that mutations in 
HTT lead to the development of LOMARS by disrupting HTT’s 
interaction with PRPF40B and MECP2. 
 	 Furthermore, our results from PRODIGY show that all 
HTT-PRPF40B complexes with mutant structures of HTT 
are responsible for weakening the interaction to some extent. 
Consistent with our initial exploration of the mutations from 
gnomAD database, p.M1260 is possibly less pathogenic 
when compared to p.L703 as p.M1260 is far away from 
the binding interface. We also found a synergistic effect of 
p.L703 and p.M1260 to reduce the binding affinity between 
HTT and PRPF40B substantially. While p.L703 can weaken 
the binding at the interaction interface, p.M1260 can lead 
to conformational changes and alter the structure of HTT 
slightly. Together, these two mutations can significantly 
damage HTT and disrupt its interaction with PRPF40B. As 
a result, these disruptive mutations likely impair PRPF40B’s 
function to regulate and mediate PPI between HTT and 
MECP2, stimulating the onset and development of LOMARS. 
PRPF40B’s function can be disrupted by two possible 
mechanisms. First, the mutations can gradually deteriorate 
the binding between the group II WW domain of PRPF40B 
and HTT over time and make PRPF40B dysfunctional, which 
in turn could restrict MECP2 from interacting with HTT. 
Second, the mutations could disrupt the activity of either 
HTT or MECP2 and lead to toxic consequences, including 
transcriptional dysregulation. These aberrant interactions 
could also potentially lead to unwanted consequences such 
as the formation of protein aggregates. 
 	 The weakened interactions between HTT, PRPF40B, 
and MECP2 could potentially lead to harmful consequences, 
including dysregulation of genes that are directly controlled by 
MECP2 and involved in brain development and maintenance 
of neuronal health. Brain-derived neurotrophic factor gene 
(BDNF), which is under the control of MECP2, is dysregulated 
in Rett syndrome. BDNF is known to support neuronal 
survival and engages in axonal and dendritic differentiation, 
maturation, and synaptic plasticity in CNS. (6–8). In Rett 
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syndrome patients, loss of function of MECP2 has been known 
to lead to downregulation of BDNF and results in neurological 
dysfunction (6–7). Other genes controlled by MECP2 include 
glutamate receptor delta-1 subunit (GRID1), Ubiquitin-protein 
ligase E3A (UBE3A), Membrane Palmitoylated Protein 1 
(MPP1), and Guanidinoacetate N-methyltransferase (GAMT) 
(8), which are also known to be dysregulated in Rett syndrome 
due to a loss of function of MECP2 (8). Therefore, it is possible 
that these genes might also be dysregulated in LOMARS due 
to the weakened interactions between HTT, PRPF40B, and 
MECP2. 
	 Besides the importance of HTT, PRPF40B, and MECP2 
interactions, interactions involving PRPF40A and SIN3A are 
also significant. Unlike other signaling and PPI mediating 
proteins, PRPF40A is unique in that its structure and function 
are closely related to that of PRPF40B. Along with being 
involved in pre-mRNA splicing, PRPF40A plays a vital role 
in neuronal trafficking through cytoskeletal organization 
(24). While PRFP40A’s interaction with HTT is necessary 
for normal functioning of neurons, the LOMARS-associated 
mutations might significantly disrupt the interaction, as shown 
by our docking results. This disruption could likely negatively 
affect cytoskeletal-based transport and organelle trafficking 
in certain domains of neurons. Similarly, we observed the 
interaction between SIN3A and HTT to be weakened due to 
the LOMARS-associated mutations. SIN3A is an important 
transcriptional regulator as it participates in mediating PPI. 
SIN3A’s function could also be disrupted by HTT mutations 
leading to transcriptional dysregulation which could, in turn, 
dysregulate the levels of proteins that are necessary for 
proper neuronal function. Overall, the possible interaction 
of PRPF40A and SIN3A with HTT and MECP2 could be 
disrupted by the LOMARS-associated mutations, leading 
eventually to deteriorating phenotypes.
	 Existing research on LOMARS has been focused on 
the genotype-phenotype effects of the two compound 
heterozygous mutations on HTT (1, 2). However, this 
study attempts to provide novel insights into the role of 
protein-protein interactions in the pathology of LOMARS. 
The findings in this study could not only advance current 
understanding of LOMARS but could also provide insights 
into the importance of similar protein-protein interactions 
in Rett syndrome. We believe our protein docking results 
could be improved by utilizing more realistic models of 
PRPF40B, PRPF40A, and SIN3A proteins. While AlphaFold 
provides accurate predictions of the structures of proteins, it 
currently only predicts the structure of a single protein chain 
with WT sequence (21). Future changes to AlphaFold could 
result in the modelling of proteins that are more realistic in 
nature. Additionally, we can refine our docking experiments 
by obtaining more information on the binding interfaces of 
proteins, particularly for the SIN3A-HTT interaction. Along with 
additional valid experimental data, intermolecular NOE and 
RDCs could also strengthen our protein docking experiments 
(25). Moreover, HADDOCK  does not allow users to submit 

parameter files for modified residues or bases, since it utilizes 
topallhdg format convention for CNS amino acid parameters 
(13). Future modifications to HADDOCK could allow users 
to submit all modifications made to a protein structure at the 
residue level, including topologies and parameters of protein 
molecules (13).
	 While this study shows that the group II WW domain of 
PRPRF40B is essential for binding with HTT and MECP2, 
further research shall be directed towards understanding the 
importance of other domains in PRPF40B, including group I 
WW domains (p.G92–p.V125) and six FF domains (p.R276–p.
V682) (17). Previous studies have found that the group I WW 
domains interact with HTT (11). Indeed, through our GWAS 
analysis, we found that one missense variant was located in 
the group I WW domain encoding region of PRPF40B and 
five other missense mutations located in the FF domain 
encoding region of PRPF40B. The variants in these domains 
are known to result in LOMARS and Rett-like phenotypes. 
Thus, determining if group I WW domains and FF domains 
are responsible for mediating interactions between HTT and 
MECP2 would help therapeutics to be targeted towards those 
domains. It would be also beneficial to investigate the role of 
other WW domain containing proteins in LOMARS. Few WW 
domain containing proteins that interact with HTT include 
FBP21 (26, 28), SETD2 (27), and FBP30 (26, 28). All of these 
proteins are known to consist of group I and II WW domains 
and mediate PPI between proteins. Additional studies will be 
required to determine whether these proteins interact with 
MECP2 or not and if they are involved in the pathology of 
LOMARS and Rett syndrome.

MATERIALS AND METHODS
MatrixMatchMaker database 
	 We performed the coevolution analysis for HTT and MECP2 
by utilizing the MatrixMatchMaker database (MMM-D) of co-
evolving proteins. MMM-D uses coevolution data to predict 
interactions between proteins, which can reveal functional 
relationships and interaction networks important for cellular 
function (12). We used the MMM score to determine the 
interaction of PRPF40B, PRFP40A, and SIN3A with HTT and 
MECP2. The database calculates the MMM score by finding 
the largest common submatrix between distance matrices of 
two protein families (12). The database measures coevolution 
between families of distinct size, including both paralogs and 
orthologs, and predicts multiple coevolving partners. The 
database includes around 60,000 known protein interactions 
and 5,000,000 predicted interactions (12).

UKBiobank TOPMed-imputed PheWeb 
	 The UKBiobank TOPMed-imputed PheWeb is a GWAS/
PheWas database developed through the consortium of 
UKBiobank and TOPMed. The PheWeb consists of genotype-
phenotype data for about 57 million variants (19). From a 
group of 77,465 cases and 328,796 controls, 10 missense and 
3 splice region variants in PRPF40B were selected based on 
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their association with LOMARS and Rett-like phenotypes and 
predicted loss-of-function nature. 

HADDOCK2.4 
	 We used the HADDOCK2.4 protein docking software 
to dock WT and mutant HTT structures with PRPF40B, 
PRPF40A, and SIN3A. HADDOCK is a unique software 
since it uses bioinformatical and computational methods, in 
combination with data from NMR and X-ray crystallography, 
to accurately predict the structures of PPI complexes (13–15). 
HADDOCK, unlike existing molecular docking servers such 
as ClusPro, GRAMM-X, PatchDock/FireDock, Hex, and 
RosettaDock, allows full structural flexibility to proteins when 
forming a complex (13).
AIRs is classified as active or passive residues. Active 
residues are more likely to be involved in the interacting 
interface of proteins and show a significant chemical shift 
perturbation upon complex formation. Passive residues can 
be involved in protein interactions but are not important and 
show a less significant chemical shift perturbation (13, 14).  
The HADDOCK score of each cluster is determined by 
calculating the average score of the four predicted complexes. 
The software calculates the HADDOCK score by using the 
following equation:

  
HADDOCKscore = 1.0 * Evdw + 0.2 * Eelec + 1.0 * Edesol + 0.1 * Eair 

 
where Evdw represents the intermolecular van der Waals 
energy, Eelec represents the intermolecular electrostatic 
energy, Edesol represents an empirical desolvation energy 
term, and Eair represents the Ambiguous Interaction Restraint 
(AIR) energy (13, 14). 
	 The z score is the number of standard deviations away 
from the mean of a given HADDOCK score of protein clusters 
(13,14).
 
PRODIGY
	 We used PRODIGY to measure binding affinity between 
WT and three mutant models of HTT with PRPF40B. Likewise, 
we used PRODIGY to measure binding affinity between WT 
and mutant models of HTT with PRPF40A and SIN3A. 
PRODIGY calculates the Gibbs free energy (ΔG) by using the 
following equation: 

 
ΔG = -0.09459 ICscharged/charged - 0.10007 ICscharged/apolar + 
0.19577 ICspolar/polar - 0.22671 ICspolar/apolar + 0.18681 %NISapolar 

+ 0.3810 %NIScharged - 15.9433 
 

where ICsxxx/yyy represents the number of interfacial contacts 
found on the binding interface of HTT and PRPF40B (22,23).  
 
PRODIGY calculates the dissociation constant by using the 
following equation: 
 

ΔGfe = RT lnKd 
 
where ΔGfe is the predicted free energy, R represents the 
ideal gas constant (kcal K-1 mol-1), and T represents the 
temperature (K) (22, 23). We set the temperature to 298.15K 
(25*C) for binding affinity analysis. 
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