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Abstract 

GNB1 encephalopathy is a rare genetic disorder caused by pathogenic mutations in the 

GNB1 gene. GNB1 encodes for the Gβ1 subunit of heterotrimeric G proteins, which play a 

crucial role in intracellular signal transduction. Disruption of these signalling pathways 

leads to various neurodevelopmental symptoms, though the presented phenotype often 

varies. In this thesis, the disease-causing variant A92T is examined in greater detail. One 

literature reported patient presents with global developmental delay, intellectual disability, 

muscular hypotonia, seizures, cerebellar hypoplasia, and ataxia. In previous studies, this 

variant has been found to display abnormal signal transmission behaviour. In the course 

of this thesis, several molecular dynamic simulations have been conducted in order to 

investigate the structural and functional consequences the A92T mutation has on 

heterotrimer formation between Gβ1γ2 with Gαi as well as the interaction of the dimer with 

GRK2, which plays an important role in signal termination. Free energy calculations, root 

mean square deviation (RMSD), root mean square fluctuation (RMSF), and residue energy 

analysis have been performed for this purpose. The results suggest moderate complex 

destabilisation for the examined GαiGβ1γ2 trimer, and no changes in stability for the 

Gβ1γ2GRK2 complex. These findings align with previous functional assays as well as 

provide additional details from an atomistic perpective. However, further investigation in 

regard to the several other downstream signalling pathways needs to be done in order to 

fully understand the underlying pathology – and find potential druggable targets. 
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Zusammenfassung 

GNB1-Enzephalopathie ist eine seltene genetische Erkrankung, die durch pathogene 

Mutationen im GNB1-Gen verursacht wird. GNB1 kodiert für die Gβ1-Untereinheit 

heterotrimerer G-Proteine, die eine entscheidende Rolle bei der intrazellulären 

Signalübertragung spielen. Eine Störung dieser Signalwege führt zu verschiedenen 

neurologischen Entwicklungsstörungen, wobei der auftretende Phänotyp jedoch häufig 

variiert. In dieser Arbeit wird die krankheitsverursachende Variante A92T genauer 

untersucht. Eine in der Literatur beschriebene Patientin leidet unter einer allgemeinen 

Entwicklungsverzögerung, intellektueller Beeinträchtigung, Muskelhypotonien, Krampf-

anfälle, Kleinhirnhypoplasie und Ataxie. In früheren Studien wurde festgestellt, dass diese 

Variante ein abnormales Signalübertragungsverhalten aufweist. Im Rahmen der 

vorliegenden Arbeit wurden mehrere molekulardynamische Simulationen durchgeführt, 

um die strukturellen und funktionellen Auswirkungen der A92T-Mutation auf die 

Heterotrimerbildung zwischen Gβ1γ2 und Gαi sowie die Interaktion des Dimers mit GRK2, 

welches eine wichtige Rolle bei der Signalbeendigung spielt, zu untersuchen. Zu diesem 

Zweck wurden Berechnungen der freien Energie, der quadratischen Mittelwertabweichung 

(RMSD), der quadratischen Mittelwertfluktuation (RMSF) und eine Analyse der Energien 

einzelner Aminosäuren durchgeführt. Die Ergebnisse deuten auf eine mögliche 

Komplexdestabilisierung für das untersuchte GαiGβ1γ2-Trimer hin, während keine 

Veränderungen in der Stabilität des Gβ1γ2GRK2-Komplexes festgestellt wurden. Diese 

Ergebnisse stimmen mit früheren Funktionsassays überein und liefern zusätzliche Details 

aus atomistischer Perspektive. Es sind jedoch weitere Untersuchungen hinsichtlich der 

verschiedenen anderen nachgeschalteten Signalwege erforderlich, um die zugrunde 

liegende Pathologie vollständig zu verstehen – und potentielle Wirkstoffziele zu finden. 
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1. Introduction 

As knowledge on neurodevelopmental diseases is growing, de novo mutations in 

neuronally expressed genes have been found to frequently cause conditions like global 

developmental delay (GDD). These often coincide with intellectual disability (ID), seizures, 

and other features, making it not only genetically highly heterogeneous but clinically as 

well [1]. Mutations in genes encoding for guanine nucleotide-binding proteins (G proteins) 

such as the GNB1 gene have, for example, been described to result in GDD and ID. G 

proteins are ubiquitously expressed, therefore such diseases affect not only brain function, 

but cause a variety of different symptoms [2]. 

1.1. G Protein-Coupled Receptors 

1.1.1. Signalling Pathway 

In order to understand how mutations in the GNB1 gene influence G protein function, it is 

necessary to first consider how this signalling pathway works. 

The family of G protein-coupled receptors (GPCRs) is the largest within seven 

transmembrane domain receptors and conduct important cellular functions like neuronal 

signalling as well as cell proliferation, development, and survival [3]. They activate 

biochemical reaction cascades that subsequently modify the function of various target 

proteins [4]. 

Heterotrimeric G proteins are made up of three subunits, namely Gα, β, and γ with all 

of them having different isoforms as well. In humans, there are 16 distinct genes encoding 

for Gα subunits, 5 for Gβ variants, and 12 for different Gγ subunits, allowing for a wide 

range of possible G protein combinations [5, 6, 7]. These proteins transmit the actions of 

numerous cell surface receptors after binding of an extracellular signal. Following G 

Figure 1: GαiGβ1γ2 complex (PDB ID 1GP2) shown in PyMOL. Green: Gαi; blue: Gβ1; pink: Gγ2. 



2 
 

protein activation, Gα acts as a monomer while Gβγ stays obligatorily coupled in a dimeric 

form. When in the resting state, GDP is bound to Gα, allowing the trimer Gαβγ (GαiGβ1γ2 

illustrated in Figure 1) to bind to its receptor. Upon receptor activation, GDP gets replaced 

with GTP, causing conformational changes in the α subunit. This leads to dissociation from 

the βγ complex and exposure of possible interaction surfaces on Gβγ. Both Gα and Gβγ 

can then interact with downstream effector molecules like phospholipases and ion 

channels. This enables them, among other things, to influence the membrane potential of 

the cell [4, 5]. In addition, Gβγ dimers are not strictly membrane-bound, as the type of Gγ 

prenylation influences their translocation dynamics. They are able to relocate to 

intracellular compartments such as the Golgi apparatus, providing opportunities for 

interactions with cytosolic effector proteins [8]. 

G proteins are activated not only by GPCR stimulation but also by proteins called 

nonreceptor activators of G protein signalling (AGS). They act through different 

mechanisms, with some influencing GDP/GTP exchange on Gα subunits, and others 

modulating signalling via interactions with Gβγ [8]. 

Signal termination works reversely by exchanging Gα-bound GTP for GDP, again 

allowing the formation of the inactive trimer Gαβγ. The α subunit has an intrinsic capability 

to hydrolyse GTP which can also be modulated by regulators of G protein signalling (RGS 

proteins) by binding to Gα and increasing the rate of GTP hydrolysis [5]. However, this 

mechanism alone is not sufficient to completely erase a received signal, because the 

active receptor is still able to reactivate the G protein. In order to avoid this, the βγ dimer 

interacts with G protein-coupled receptor kinases (GRKs), e.g. GRK2, which in turn 

phosphorylate intracellular receptor domains of GPCRs. Another regulator of cellular 

signal transduction, arrestin, can then bind to these phosphorylated segments and block 

the receptor for G protein interactions. This process is called homologous desensitisation 

and protects the cell from overstimulation. Marking of receptors with arrestin also targets 

the receptor for clathrin-mediated endocytosis, thus leading to downregulation of these 

signalling pathways. Coupling of Gβγ and GRKs also hinders GPCR signal transmission 

by simply blocking interactions with effector targets [9, 10]. In this context, the affinity 

between GRKs and Gβγ dimers plays an important role in efficient membrane recruitment 

of GRK and subsequent signal termination [11]. 

1.1.2. Gβ1 Structure 

The Gβ1 subunit assumes a propeller-like structure composed of seven blades, each 

consisting of four antiparallel β-strands that are highly conserved (illustrated in Figure 2). 

At its N-terminus, the protein features a 25-residue α-helical domain followed by a 

connecting loop that links the helix to the propeller framework [8]. This α-helix forms a tight 

interaction with the γ subunit of the dimer. Interaction with the α subunit of the G protein is 

mediated by two distinct regions. The N-terminal α-helix of Gα associates with blade 1 at 
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the side of the β-propeller, while the switch II region, which rearranges upon GTP binding, 

engages the upper surface of the β-propeller [5]. 

1.2. GNB1 Encephalopathy 

1.2.1. Pathogenesis 

GNB1 encephalopathy (GNB1-E), also known as GNB1-related neurodevelopmental 

disorder or GNB1 syndrome, is a rare occurring autosomal dominant genetic disease 

caused by missense, frameshift, or splice-site variants in the Gβ1 subunit-encoding GNB1 

gene [3, 12, 13, 14]. The latest research findings from 2024 describe only about 68 

confirmed cases worldwide [12] with more than 25 different mutations characterised as the 

cause of disease [15, 16].  

Most documented cases of the condition have been linked to pathogenic de novo 

missense mutations in the GNB1 gene [3, 17]. They are predominantly located in exons 

5-7, suggesting the existence of a mutational hotspot. A case report, published in 2021 by 

Da Silva and colleagues, states that 88% of all identified missense mutations are located 

in exons 6 and 7. Furthermore, 25% of the cases described at the time were found to carry 

one specific variant (I80T), which provides additional support for this hypothesis. The 

region of exons 5-7 plays a key role in mediating interactions between Gβ1γ and Gα [2, 

17], as well as other binding partners. Disruption of these interactions is thought to disturb 

the regulation of signalling cascades, which in turn can manifest as gain-of-function, 

dominant negative, or loss-of-function outcomes, depending on the specific molecular 

alteration [18]. 

The amino acid sequence of GNB1 is identical across humans and other mammals 

(e.g., mouse, rat, bovine), even differing from zebrafish by only four amino acid residues. 

This substantial evolutionary conservation suggests strong selective pressure against 

Figure 2: Gβ1 subunit (extracted from PDB ID 1GP2) shown in PyMOL.  
Propeller blades numbered 1-7.  
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variation, implying that even minor sequence alterations may interfere with the protein 

structure, impair function [2] and result in disease [17]. 

1.2.2 Clinical Picture 

GNB1 is ubiquitously expressed [2] and mutations therefore show a wide range of clinical 

manifestations. As mentioned before, GDD and ID as well as hypotonia are lead symptoms 

in GNB1-E and vary in severity [12]. All but one documented patient case reports present 

with moderate to severe GDD [1], and 74% are described to display ID, though it is 

important to mention that at the time of publication, cognitive function could not be reliably 

evaluated in a number of individuals due to young age [18]. 

Although a potential influence cannot be ruled out, no evidence has been reported on 

the impact of GNB1-E on pregnancy or childbirth. First symptoms may occur during the 

neonatal period, manifesting as feeding difficulties [12]. This can result in poor weight gain, 

yet the majority of affected individuals eventually outgrew their difficulties [18]. Over time, 

GDD becomes increasingly apparent as most patients are either unable to achieve 

independent walking skills or demonstrate delayed onset. In certain cases, patients 

experience severe movement impairments, such as hemiplegia, spastic diplegia, or 

dyskinetic quadriplegia [12]. 

In around 40% of GNB1-E cases, individuals are nonverbal [18]. Among patients who 

are able to speak, expressive language is more impaired than receptive abilities, with 

restricted vocabulary and frequent dysarthria [12]. In three cases, developmental 

regression of varying manifestations was reported [18]. 

Other possible neurological symptoms include: muscle tone or movement disorders, 

epilepsy, eye movement disorders, and sensory impairment. Muscle tone disorders are 

very common among GNB1 patients and are often characterised by infantile hypotonia 

(present in approximately 70% of cases), which may progresses to spastic hypertonia with 

age, or hypotonia persists. The most frequently reported movement disorder is dystonia, 

with onset ranging from 2 to 16 years of age. Further manifestations are ataxia, tics, and 

chorea [12]. 

Epilepsy has been tested for in 51 patients, of which 27 (53%) were diagnosed with 

some form of seizure disorder. A spectrum of different seizure types is exhibited, 

comprising epileptic spasms as well as tonic, myoclonic, generalised tonic-clonic, 

absence, and focal seizures [18]. Important to note is that in some patients, symptoms 

only occur at a certain age, for some they worsen over time, for others they improve 

gradually, making it a very complex aspect of the disease [14, 19]. GNB1-E is also linked 

to West syndrome [18], an infantile spasms syndrome defined by hypsarrhythmia, 

clustered spasms, and developmental delay or regression [20]. 

Regarding ocular anomalies, nystagmus is the most prevalent, being present in 36-

46% of individuals. Other findings include strabismus, ophthalmoplegia, gaze deviation, 
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upward gaze palsy, continuous reverse ocular dipping, and slow ocular pursuit response. 

In 11% of patients, visual impairment related to cortical visual dysfunction or optic nerve 

atrophy has been documented [12, 18]. Two recently confirmed cases and one suspected 

case of rod-cone dystrophy have been described in patients with GNB1 variants. Since 

Gβ1 is highly expressed in rod photoreceptor cells of the retina as a subunit of transducin, 

a protein crucial for the phototransduction process, this raises the possibility of a causal 

association [21, 22]. 

Another form of sensory impairment, though far less common, is sensorineural hearing 

loss, which can affect either one or both sides. One individual suffered not only from severe 

sensorineural hearing impairment, but conductive hearing loss as well. A brain MRI of 

another patient showed hypoplasia of the right cochlear nerve [14, 18]. 

In some patients, there have also been other abnormal brain MRI discoveries, such 

as delayed or abnormal myelination, corpus callosum anomalies, cerebral volume loss, 

ventriculomegaly, and bilateral polymicrogyria [18]. 

36 individuals have been tested for behavioural issues of which 42% show attention-

deficit/hyperactivity disorder (ADHD), autism spectrum disorder (ASD), or repetitive and 

stereotypic habits [18]. Bouts of aggressive behaviour have also been recognised in some 

patients [2, 17, 19]. 

There are also less frequently described clinical features associated with GNB1-E like 

gastrointestinal problems, genitourinary abnormalities in males, cardiovascular 

deformities, craniofacial anomalies, or hypothyroidism [18]. Cutaneous mastocytosis has 

been diagnosed in four cases, suggesting a possible link between mast cell disease and 

abnormal GPCR downstream signalling caused by GNB1 variants [3, 14]. 

1.2.3 Malignancy 

Gain-of-function variants of Gα have already been reported in numerous cancer types, but 

oncogenic mutations in Gβ subunits had not been investigated until Yoda et al. published 

a 2015 study showing that some somatic missense mutations convey cytokine-

independent growth. They identified recurring mutations in patients with hematologic 

malignancies that affect amino acid residues K57, K78, I80, K89, and M101, which are 

located on the Gα subunits and downstream effector interaction site of the protein. In 

particular, K89E has been extensively tested and confirmed to convey cytokine- as well as 

interleukin 3 (IL3)-independent growth. This mutation along with the variants I80T and 

K57E were found to exhibit reduced binding to all Gα subunits tested in vitro, and caused 

myeloid malignancies in vivo in mouse bone marrow transplantation experiments. 

Oncogenic Gβ mutations have been identified in multiple cancers, and trigger canonical G 

protein signalling by interfering with Gα/Gβγ interactions [23]. In 2017, Brett et al. reported 

a patient with clinical features of GNB1-E and acute lymphoblastic leukaemia (ALL) 
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carrying a G77A variant [24]. These findings indicate a possible correlation between 

selected pathogenic GNB1 variants and an increased chance for malignancies [18]. 

1.2.4 Prognosis 

Life expectancy is difficult to determine, as most documented cases involve children or 

young adults. Nonetheless, reports of adult individuals with GNB1-E – though limited in 

number – demonstrate that reaching adulthood is possible [12]. Because advanced 

genetic analyses are often lacking in adults with disabilities, affected individuals are likely 

underestimated and underreported. However, since congenital anomalies typically linked 

to high morbidity and mortality are missing, the long-term outlook appears positive under 

adequate supportive management [18]. 

1.2.5 Treatment 

As of now, there is no causal therapy for GNB1-E. Management is therefore symptomatic 

and relies on multidisciplinary approaches, largely guided by anecdotal evidence. Non-

pharmacological treatment options include physiotherapy and occupational therapy, 

aiming to prevent contractures, falls, and spasticity-related complications. Depending on 

the individual phenotype, additional measures may involve support from sensory 

impairment specialists, psychotherapy, and use of walking aids [12]. In two patients with 

communication difficulties but no hearing deficits, progress was achieved through 

alternative forms of expression, such as sign language [18].  

Pharmacological intervention is individualised, as drug responses vary considerably, 

and is primarily indicated for epilepsy, dystonia, or movement disorders. Epilepsy is treated 

with standard anti-seizure medication with no explicit drug preference [12]. As listed in 

Table 1, different drug combinations are being used, however, adequate control is not 

achieved in every patient [14]. Dystonia management typically involves conventional 

pharmacologic therapy as well, including anticholinergic drugs, dopaminergic agents 

(agonists, antagonists, and depleters), benzodiazepines, or baclofen. In addition, deep 

brain stimulation has shown benefit in one reported case, and was trialed in another [12]. 

Table 1: Summary of epilepsy manifestation including treatment by Hemati et al. (2019) [14].   
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1.3. A92T Variant 

To date, the only literature reported patient with the A92T mutation is a girl of Saudi 

Arabian origin. At the time of diagnosis, she was 2.9 years old. Her phenotype is 

characterised by GDD, ID, muscular hypotonia, seizures, cerebellar hypoplasia, and 

ataxia. There are no signs of growth delay, craniosynostosis, abnormal myelination, 

ophthalmoplegia, nystagmus, chorea, or dystonia. Exome sequencing revealed a de novo 

missense mutation in exon 7 at nucleotide position 274 of GNB1 (c.274G>A), substituting 

guanine with adenine, and consequently exchanging alanine for threonine in position 92 

of the Gβ1 protein (p.Ala92Thr; highlighted in Figure 3) [1]. As illustrated in Figure 4, 

alanine is a small, hydrophobic, non-polar amino acid whose side chain is largely non-

reactive, yet it may contribute to substrate recognition or specificity. Substitution with 

threonine introduces a quite reactive, hydrophilic hydroxyl group capable of forming 

hydrogen bonds with nearby polar substrates. Since Gβ proteins are located intracellularly, 

this hydroxyl group can also serve as a phosphorylation site for protein kinases. In addition, 

Figure 3: Parts of the GαiGβ1γ2 complex (PDB ID 1GP2). Residue 92, located in propeller blade 1, 
highlighted in red. Green: Gαi; blue: Gβ1; pink: Gγ2.  

Table 1 (continued) 
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threonine is one of three Cβ-branched amino acids, resulting in a bulkier side chain that 

may affect its local structural environment [25]. 

 

 

  

Alanine (A)  Threonine (T) 

 
Figure 4: Structural formula of the amino acids alanine (left) and threonine (right).  

Generated in MolView v2.4.  

In a given disease gene, not all protein-altering modifications are to automatically be 

considered pathogenic. The functional impact of affected signalling molecules can be 

assessed by their ability to interact with protein partners in the transmission pathway, and 

to pass on receptor-initiated signals. For the Gβ protein, functionality can be evaluated 

through its interactions with the other G protein trimer subunits Gα and Gγ, as well as 

through undergoing receptor-induced rearrangements. In a study published in 2017, 

Lohmann and colleagues examined changes in these interactions for 10 different GNB1 

missense variants in vitro via bioluminescence resonance energy transfer (BRET) [1].  

Resonance energy transfer (RET) assays can be used to analyse protein–protein or 

ligand–protein interaction, recruitment, dissociation, and conformational changes. It is 

based on non-radiative energy transfer between two chromophores, one labelled as the 

energy donor and one as the energy acceptor. In BRET, a luminescent luciferase-based 

donor and a fluorescent acceptor are tagged to the interaction partners of interest. When 

the proteins align, the acceptor is excited and a signal can be measured in a photometer 

[26, 27]. Lohmann et al. investigated the Gβ1γ7 dimer formation, heterotrimer assembly 

with Gαolf, and mediation of dopamine receptor D1R signalling through binding of GRK3. 

They tagged each of the Gβ1γ7 dimer subunits with a non-fluorescent fragment of Venus, 

a yellow fluorescent protein, and GRK3 with Nluc, an engineered nanoluciferase. That way 

it was possible for them to first measure Gβ1γ7 dimer formation using bimolecular 

fluorescence complementation (BiFC), then measuring BRET ratio and response when in 

close proximity of Nluc-tagged GRK3 (Figure 5A and C) [1].  

Mutations A92T showed a significantly elevated basal BRET ratio (Figure 5B), 

implying weakened association between Gβ1γ7 and Gαolf, while maintaining interaction with 

GRK3. This leads to the assumption that, in this specific instance, A92T is a constitutively 

active variant and may exhibit gain-of-function (GoF) characteristics similar to those 

observed in oncogenic Gβ mutations. However, the agonist-induced BRET response was 
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significantly lower in amplitude compared with the wild type (Figure 5D), suggesting a 

decreased capacity to mediate receptor signalling due to the higher basal activity. Contrary 

to the basal BRET results, this observation insinuates a loss of function (LoF) – at least 

regarding the transduction of neurotransmitter signals – which might be the origin for its 

disease-causing effect.  

 

A

 

B

 

C 

 

D 

E 

 

 
Figure 5: Results BRET assay, adapted figure by Lohmann et al. [1]. A) Schematic representation 
of basal BRET ratio assessment. B) Results basal BRET ratio, A92T highlighted. C) Schematic 
representation of Agonist-induced BRET response. D) Results BRET amplitude, A92T highlighted. 
E) Representation of D1R-Golf signalling before and after agonist application.  
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However, these in vitro findings might not fully relate to in vivo conditions, especially 

regarding LoF and GoF observations, as only one specific heterotrimer constellation and 

a single signal transduction pathway were tested [1]. 

 

1.4. MD Simulation & Calculation of Free Energy Changes 

1.4.1. Principle 

Free energy is fundamental to both thermodynamics and kinetics, making the precise 

prediction of differences in free energy after amino acid mutation a main objective of 

computer-aided molecular design. Knowledge about the free energy surface of a system 

enables the understanding of biophysical processes such as protein folding, ligand 

binding, and protein–protein associations. Various computational methods have been 

developed for assessing free energy changes associated with differences in stability and 

binding affinity between wild-type and mutant proteins, among them methods that build on 

molecular dynamics (MD) simulations [28]. 

MD simulations are a useful tool for studying the nature of classical many-particle 

systems. They were developed in the mid-1950s by Alder and Wainwright and allow for 

systematic analysis of structural, dynamical, and thermodynamic properties that would be 

difficult to obtain otherwise. Instead of attempting to measure the behaviour of such 

systems directly, MD simulations follow the natural time evolution of the system as dictated 

by Newton’s equations of motion. From the resulting trajectories, we can then approximate 

the relevant quantity of interest by averaging them over sufficiently long periods of time. 

Physical and numerical measurements are very distinct from one another. In physical 

measurements, we utilise probes such as pressure gauges or thermometers to gather 

information, whereas in simulations, the values of the observed variables are derived from 

all the particles’ positions and momenta using statistical mechanics. It is important to 

recognize that not every value computed in a simulation can be directly compared to 

experimental measurements and predicted properties always belong to a model system 

[29]. Both simulations and experiments have advantages and disadvantages, providing 

information not obtainable through the other. Therefore, MD simulations are a great 

addition to conventional experiments and allow assessment of whether theoretical models 

are consistent with experimental results [30]. 

1.4.2. Theory 

This chapter is focused on the central concepts of physics-based computer simulations. 

In solution, a polypeptide chain can exist in well-defined secondary and tertiary structures 

as well as several disordered configurations. The collection of disordered conformations 

is commonly referred to as the unfolded state (state A), whereas the ordered 

conformations constitute the folded state (state B). Sampling the entire conformation 
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landscape of a protein is rarely feasible in practice, and focus is generally placed on 

differences in free energy (ΔG) rather than on absolute free energies. ΔG directly reflects 

the ratio of probabilities of the system occupying state A relative to state B [28].  
 

𝑝𝐴

𝑝𝐵
=

𝑒−𝛽𝐺𝐴

𝑒−𝛽 𝐺𝐵
= 𝑒−𝛽 (𝐺𝐴−𝐺𝐵)                       ∆𝐺 = 𝐺𝐴 − 𝐺𝐵 = −𝑘𝐵𝑇 ln

𝑝𝐴

𝑝𝐵
 

 

G resembles the free energy of a system with a fixed number of particles and isothermal–

isobaric conditions. β = 1/kBT, where kB is the Boltzmann constant and T the absolute 

temperature. ΔG sets the maximum possible work of a closed system, achievable only 

under reversible conditions. Real processes, however, occur in finite time intervals τ, 

cause heat dissipation, and are thus irreversible. Consequently, the work performed during 

a process is on average equal to or greater than ΔG, in line with the second law of 

thermodynamics [28]. 

〈𝑊(𝜏)〉 ≥ ∆𝐺 
 

For 𝜏 → ∞, 〈𝑊(𝜏)〉 is equal to ΔG. For finite 𝜏, the difference between 〈𝑊(𝜏)〉 and ΔG is 

dependent on the thermodynamic path chosen. The work done on a system can be 

calculated by integrating the energy costs required to change it [28]. 

 

𝑊(𝜏) = ∫
𝜕ℋ(𝑥, 𝑣, 𝜆)

𝜕𝜆

𝜆=1

𝜆=0

𝑑𝜆 

 

𝜆 is a parameter driving a non-equilibrium process along a specific path. At 𝜆 = 0, the 

process begins, and at 𝜆 = 1, the process ends. ℋ is the Hamilton operator of the system 

and is dependent on 𝜆 as well as the phase space coordinates 𝑥 and the velocities 𝑣 of 

the system. Based on these considerations ΔG can be estimated using both equilibrium 

and non-equilibrium simulations. Classical approaches such as free energy perturbation 

(FEP) and thermodynamic integration (TI) rely on equilibrium ensemble averages, while 

more recent methods, based on Jarzynski’s equality and the Crooks Fluctuation Theorem 

(CFT), enable calculations from non-equilibrium work distributions. Jarzynski’s equality 

establishes a connection between the average work performed in a non-equilibrium 

process and the equilibrium free energy difference [28]. 

 

〈𝑒−𝛽𝑊(𝜏)〉 = 𝑒−𝛽∆𝐺 
 

However, Jarzynski’s equality only accounts for one directional transitions, whereas the 

CFT considers both forward and reverse work distributions [28]. 
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𝑃𝑓(𝑊)

𝑃𝑟(−𝑊)
= 𝑒𝛽(𝑊−∆𝐺) 

 

𝑃𝑓(𝑊) and 𝑃𝑟(−𝑊) are the normalized probability distribution for the respective forward 

and reverse work values. Based on this equation, ΔG can be assessed [28]. 

 

∆𝐺̂ = 𝑊 + 𝑘𝐵𝑇 ln
𝑃𝑓(𝑊)

𝑃𝑟(−𝑊)
 

 

∆𝐺̂ = 𝑊 describes the intersection of the work distributions. This approach faces 

limitations, however, they can be partially mitigated by using ΔG estimators. For example, 

the Bennett acceptance ratio (BAR) directly combines information from forward and 

reverse distributions to obtain an ideal estimate of ΔG [28]. 

 

∑
1

1 +
𝑁𝑓

𝑁𝑟
𝑒𝛽(𝑊𝑖−∆𝐺̂)

𝑁𝑓

𝑖=1

= ∑
1

1 +
𝑁𝑟
𝑁𝑓

𝑒−𝛽(𝑊𝑗−∆𝐺̂)

𝑁𝑟

𝑗=1

 

 

In order to obtain ΔG, we have to characterise the initial and final states as well as the 

connecting path. For calculation of the folding free energy of a protein, we define the 

unfolded protein as the initial state, and the folded protein as the final state. In principle, 

the protein can be unfolded through pulling its termini apart and measuring the required 

work, but such disturbances require extensive calculating to achieve convergence. A more 

efficient strategy for studying the change in folding free energy upon protein mutation 

(∆∆𝐺𝐹𝑜𝑙𝑑𝑖𝑛𝑔) is to build a thermodynamic cycle with alchemical, that is non-physical, 

transformations involving smaller perturbations, and therefore easier convergence 

(illustrated in Figure 6). As a result, it is computationally more practical to mutate a wild-

type protein into its variant than to simulate the folding and unfolding of both. Since G is a 

state function, the chosen pathway does not affect the final result [28]. 
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Figure 6: Schematic representation of a thermodynamic cycle for calculating changes in free energy 

of protein folding in mutations (∆∆𝐺𝐹𝑜𝑙𝑑𝑖𝑛𝑔
𝑀𝑢𝑡𝑎𝑡𝑖𝑜𝑛) [28].  
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2. Objective 

Since GNB1-E is a rare condition, little is known about the exact mechanism, how these 

Gβ1 subunit mutations disrupt cellular function and cause disease. In order to better 

understand the structural mechanisms of the pathogenic A92T variant, MD simulations 

were conducted. Considering the significantly different BRET signals between the wild 

type and the mutation reported by Lohmann et al. (2017) [1], there may be alterations in 

the binding behaviour of Gβ1. Building on the results of the master’s thesis of Elbashat 

(2025), which show no significant effect of the A92T mutation on Gβ1γ2 dimer stability [31], 

the present work aims to investigate possible alterations in the interaction of the β1γ2 

subunit with Gαi and GRK2. A deeper understanding of the effects at the molecular level 

helps define the pathophysiology of GNB1-E as well as pinpoint where in the various 

signalling pathways the problems first arise. This knowledge lays the foundation for finding 

treatment options for affected individuals, for example GIRK-Inhibitors for patients affected 

by certain types of seizures [32], or small molecules able to change protein–protein 

interactions and therefore normalise GPCR signalling. 
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3. Materials and Methods 

3.1. Simulation Preparation 

MD simulations were carried out using GROMACS (version 2022.3) [33] running on 

Ubuntu Linux (version 20.04.6). 

The protein structures for the MD simulations were retrieved from the Research 

Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB) and prepared 

using CHARMM-GUI [34]. For the Gβ1γ2 system, the dimer was extracted from structure 

4KFM [35], which is the crystal structure of the mammalian GIRK2 channel in complex 

with four Gβ1γ2 subunits. PDB structure 1GP2 [36] was gathered for the GαiGβ1γ2 

heterotrimer. Lastly, structure 1OMW [37] was used for the Gβ1γ2GRK2 complex. 

The force field implemented in the simulations was Amber99SB*ILDN [38], and the 

calculations were performed in a protein-in-water system (TIP3P). For hybrid topology and 

tripeptide system generation, the pmx webserver was used [39]. The tripeptides – in this 

case GAG and GTG, respectively – are an approximation for the unfolded state of the 

protein, as the unfolded full-length protein is difficult to simulate. 

3.2. Protocol 

The pipeline for calculating free energy begins with energy minimisation in order for the 

system to start in a stable, low-energy state. This is followed by NVT (constant number, 

volume, temperature) and NPT (constant number, pressure, temperature) equilibration for 

100 ps. Production MD is executed for 10 ns, of which the first 2 ns are excluded. The last 

8 ns are used to create 100 equally spaced frames (1 frame per 80 ps) as a basis for the 

subsequent non-equilibrium transitions, running 50 to 200 ps. The work values required 

for shifting the wild type into the mutant and vice versa are collected and the Crooks 

fluctuation theorem is used for determining the free energy difference between the two 

states [40]. Estimations are made using the Bennett acceptance ratio (BAR) [41]. 

This protocol was repeated five times for the tripeptide and the Gβ1γ2GRK2 complex, 

as well as six times for the GαiGβ1γ2 heterotrimer. In order to calculate the root mean 

square deviation (RMSD) of the Gαi chain of the G protein and the root mean square 

fluctuation (RMSF) of Gβ1, run 6 was extended to 250 ns. 

Using the same extended run, the energy impact of the mutation was calculated for 

neighbouring residues of Gαi as well as Gβ1 itself, and the results were compared to 

energy interactions of the wild type. 
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4. Results 

In this thesis, the impact of the A92T mutation on the Gβ1γ2 interaction with Gαi as well as 

GRK2 was examined. In order to investigate the potential effects, MD simulations for 

several structures were conducted, including the GαiGβ1γ2 heterotrimer, the Gβ1γ2GRK2 

complex, and a tripeptide carrying the mutation. Free energy changes upon amino acid 

mutation (ΔΔG) were calculated, and following an extended MD run, RMSD for Gαi and 

RMSF for Gβ1 were determined. The results are summarised below and will be discussed 

further in the discussion section. 

4.1. Tripeptide 

Figure 7 displays the work profiles obtained from non-equilibrium simulations of the A2T 

tripeptide model for all five runs. Values of the forward transitions are depicted in green, 

backward values are presented in blue. Since the simulations have been performed under 

isothermal conditions, the estimated free energy change of the respective systems (ΔG) 

correlates to work being done. ΔG values were calculated using the BAR method. On the 

left side of the figures, the work values are plotted against the number of snapshots taken. 

The right side shows histograms of the values’ distributions as well as the estimated ΔG, 

indicated by the black dashed line. The mean ΔG value of the five tripeptide simulation 

runs is later used to calculate the ΔΔG values of the examined proteins. 

 
Figure 7: Free energy calculations for the A2T tripeptide model. Left: work values for forward and 
backward transitions. Right: corresponding work distributions and estimated ΔG.  

Run 1 
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Run 2 

 

Run 3 

 

Run 4 

 

Figure 7 (continued) 
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Run 5 

 

 

 
 

The mean ΔG value was determined by averaging the results of the five runs. 

 

𝛥𝐺𝑡𝑟𝑖𝑝𝑒𝑝𝑡𝑖𝑑𝑒
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 

=  
−120.57+(−120.69)+(−120.01)+(−120.79)+(−119.95)

5
=  −120.40 𝑘𝐽/𝑚𝑜𝑙  

 

4.2. GαiGβ1γ2 

Figure 8 shows the results acquired by non-equilibrium simulations of the A92T mutated 

GαiGβ1γ2 complex for all six runs. The depiction is equal to the one explained in chapter 

4.1. 

Figure 8: Free energy calculations for the A92T mutated GαiGβ1γ2 complex. Left: work values for 
forward and backward transitions. Right: corresponding work distributions and estimated ΔG.   

Run 1 

 

Figure 7 (continued) 
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Run 2 

 

Run 3 

 

Run 4 

 

Figure 8 (continued) 
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Run 5 

 

Run 6 

 

 

 

 

4.3. Gβ1γ2GRK2 

Figure 9 presents the results acquired by non-equilibrium simulations of the A92T mutated 

Gβ1γ2GRK2 complex for all five runs. The depiction is equal to the one explained in chapter 

4.1. 

Figure 8 (continued) 
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Figure 9: Free energy calculations for the A92T mutated Gβ1γ2GRK2 complex. Left: work values for 
forward and backward transitions. Right: corresponding work distributions and estimated ΔG.   

Run 1 

 

Run 2 

 

Run 3 
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Run 4 

 

Run 5 

 

 

 

4.4. ΔΔG Calculations 

By applying the following formula provided by Aldeghi et al. (2019), ΔΔG values were 

calculated and are summarised in Table 2 and Table 3: 
 

𝛥𝛥𝐺𝐹𝑜𝑙𝑑𝑖𝑛𝑔
𝑀𝑢𝑡𝑎𝑡𝑖𝑜𝑛 =  𝛥𝐺𝐹𝑜𝑙𝑑𝑒𝑑

𝑀𝑢𝑡𝑎𝑡𝑖𝑜𝑛 − 𝛥𝐺𝑈𝑛𝑓𝑜𝑙𝑑𝑒𝑑
𝑀𝑢𝑡𝑎𝑡𝑖𝑜𝑛  [28] 

 

Since the tripeptide system was previously established to represent the unfolded protein 

state, 𝛥𝐺𝑡𝑟𝑖𝑝𝑒𝑝
𝑎𝑣𝑔

 calculated in chapter 4.1 was subtracted from the respective protein 

simulation results in order to obtain ΔΔG values. Positive values indicate a destabilising 

effect of the mutation on the complex, negative values a stabilising effect. Data suggest a 

mean unsigned error of 4 kJ/mol in the predictions due to limited sampling size and force-

field limitations. 

Figure 9 (continued) 
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Run ΔΔG (kJ/mol) 

1 3.21 

2 3.28 

3 2.44 

4 8.80 

5 3.97 

6 3.76 

𝛥𝛥𝐺𝐺𝛼𝑖𝛽1𝛾2
𝑎𝑣𝑔

= 4.25 𝑘𝐽/𝑚𝑜𝑙 

Table 2: Calculated ΔΔG values for the 
GαiGβ1γ2 complex.  

Run ΔΔG (kJ/mol) 

1 1.07 

2 -0.93 

3 -2.44 

4 -2.61 

5 1.93 

𝛥𝛥𝐺𝐺𝛽1𝛾2𝐺𝑅𝐾2
𝑎𝑣𝑔

= −0.59 𝑘𝐽/𝑚𝑜𝑙 

Table 3: Calculated ΔΔG values for the 
Gβ1γ2GRK2 complex.  

 

Figure 10 visualises the average ΔΔG values and standard deviations obtained for all three 

complexes: Gβ1γ2, GαiGβ1γ2, and Gβ1γ2GRK2. The average difference in energy states 

during the transformation of Gβ1γ2 into GαiGβ1γ2 for the A92T mutant differs by 4.57 kJ/mol 

compared to the wild type. The average difference in energy states for the Gβ1γ2GRK2 

into GαiGβ1γ2 transformation differs by 4.84 kJ/mol for this variant. Thus, in the case of the 

A92T mutation, the stability of the GαiGβ1γ2 complex is reduced more than the average 

kinetic energy of the particles (3.9 kJ/mol) at a temperature of 310 K compared to the 

complexes Gβ1γ2 and Gβ1γ2GRK2. 
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Figure 10: Energy profiles compared. Data for Gβ1γ2 obtained from Elbashat (2025) [31].  
Dots: average ΔΔG; error bars: standard deviation.  
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4.5. Root Mean Square Deviation (RMSD) 

To further evaluate the impact of the A92T variant on the GαiGβ1γ2 heterotrimer, RMSD 

values were computed for the wild type as well as the mutant over a 250 ns extended 

simulation run. This measurement indicates whether a protein is stable and similar to the 

experimental structure. Figure 11 shows the RMSD values obtained for the Gαi subunit 

when in complex with wild-type compared to mutant Gβ1. RMSD values for the wild-type 

system fluctuate around 0.35 nm, while mutant values are around 0.45 nm. 
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Figure 11: RMSD of the Gαi subunit during a 250 ns MD simulation. Blue: wild-type system; red: 
mutant system.  
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Figure 12: RMSD of the Gβ1 subunit during a 250 ns MD simulation. Blue: wild-type system; red: 
mutant system.  
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Figure 12 depicts the RMSD values calculated for the Gβ1 subunit itself. For the wild type, 

RMSD values fluctuate around 0.25 nm, while the mutated protein graph shows a peak at 

about 40-50 ns and an overall higher average deviation of around 0.3 nm until 

approximately 140 ns of simulation. After that, RMSD values are similar for both variants. 

4.6. Root Mean Square Fluctuation (RMSF) 

RMSF was assessed for the wild-type as well as the mutant Gβ1 subunit during the 

extended 250 ns MD simulation. Residue fluctuation values highlight regions of the protein 

that remain flexible within the structure, even as the overall conformation reaches stability 

over the course of the simulation. Figure 13 illustrates the results received for the Gβ chain 

of the complex. The calculated RMSF values show no significant differences between the 

wild-type and the mutated protein. 
 

 

4.7. Residue Energy Analysis 

In this step, the energy impact of residue 92 on surrounding amino acids was calculated 

for both the wild type and the mutation using data from the extended MD run 6. Firstly, 

data for Gαi was computed, followed by Gβ1. Interaction data was retrieved in form of non-

bonded interactions (electrostatic and non-electrostatic), Coulomb energy (electrostatic 

potential), and Lennard-Jones potential (non-electrostatic energy). 

Additionally, non-bonded interactions between A92T and water was calculated (Figure 

14). This figure suggests considerably higher interactions of the mutated Gβ1 protein with 

water than the wild type. From approximately 20 ns to 55 ns of simulation time, the 

interaction energy increases towards zero, indicating a transient loss of strong interactions. 

This may be due to the threonine side chain adopting an inward-oriented or shielded 

conformation within the protein matrix. 
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Figure 13: RMSF of the Gβ1 subunit during a 250 ns MD simulation. Blue: wild type; red: mutant.  
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4.7.1. Gαi 

Figures 15-17 show the energy impact that A92T exerts on the Gαi subunit. Overall, the 

energy values are similar throughout the different interaction types. Residue 16 exhibits 

the strongest non-bonded interaction and Lennard-Jones energy. 

Figure 14: Non-bonded interactions between A92T and water, computed over 250 ns MD simulation 
time. Blue: wild type, orange: mutant.  
 

Figure 15: Non-bonded interactions between A92T and Gαi, computed over 250 ns MD simulation 
time. Blue: wild type, orange: mutant.  
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Figure 16: Coulomb energy for A92T and Gαi, computed over 250 ns MD simulation time. Blue: wild 
type, orange: mutant.  

Figure 17: Lennard-Jones energy for A92T and Gαi, computed over 250 ns MD simulation time. 
Blue: wild type, orange: mutant.  
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4.7.2. Gβ1 

Figures 18-20 show the energetic effects that A92T has on Gβ1. In this chain, more 

differences in energy values emerge than in Gαi, especially from residue 128 upwards. 
 

 

 

Figure 18: Non-bonded interactions between A92T and Gβ1, computed over 250 ns MD simulation 
time. Blue: wild type, orange: mutant.  

Figure 19: Coulomb energy for A92T and Gβ1, computed over 250 ns MD simulation time. Blue: 
wild type, orange: mutant.  
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Residue 80 displays strong energy values for both the wild type and the mutant for all three 

interaction types measured. For residues 127 to 130, the wild type shows little to no 

interactions, whereas the mutant exhibits weak interaction energies. The most visible 

change in energy interactions happens at residues 131 to 133, where to some extent the 

wild-type protein has strong effects, however, the mutant shows almost none. 

 

4.7.3. GRK2 

Figure 21 illustrates residues in wild-type Gβ1 as well as GRK2 that exert non-bonded 

interactions to a certain extent. The values were calculated in the Amber99SB*ILDN force 

field over 10 ns MD simulation time in Anna Weinzinger’s Lab by PhD student Ilia Steshin, 

and are available on GitLab [42]. Since residue 92 is not shown, it can be assumed there 

are neither stabilising nor destabilising interactions occurring between A92 and GRK2. As 

this does not suggest that A92T plays an important role in the disease mechanism, no 

further detailed investigations were conducted for this protein. 

Nevertheless, the figure points out interesting data relevant for future work, for 

example how the L95P mutation known to be disease-causing would alter the stabilising 

effect residue 95 has on the Gβ1γ2GRK2 complex. 

Figure 20: Lennard-Jones energy for A92T and Gβ1, computed over 250 ns MD simulation time. 
Blue: wild type, orange: mutant.  
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Figure 21: Mean non-bonded interactions between Gβ1 and GRK2, computed over 10 ns MD 
simulation time. Blue: stabilising effect; red: destabilising effect.  
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5. Discussion 

The aim of this thesis was to investigate whether the A92T mutation leads to alterations in 

the binding behaviour of Gβ1γ2 with Gαi as well as GRK2, since they convey important 

actions in G protein signalling such as downstream effector activation and signal 

termination, respectively. Elbashat (2025) already provided important data in his master’s 

thesis, suggesting no significant effect of the A92T mutation on Gβ1γ2 dimer formation, 

thus laying the foundation for this and future work. 

As shown in Table 2, the average ΔΔG for the GαiGβ1γ2 complex was calculated to be 

4.25 kJ/mol, which is only slightly above an unsigned error threshold of 4 kJ/mol inherent 

to pmx free energy calculations [28]. Nonetheless, this positive value indicates a minor 

destabilising effect of the mutation on the examined heterotrimer that could potentially lead 

to it being constitutively active as already implied by Lohmann et al. (2017). However, it is 

important to note that there are numerous variants of Gα subunits that may interact quite 

differently from the specific Gαi subunit investigated in the course of this thesis as well as 

Gαolf examined by Lohmann et al. (2017). Thus, it will be crucial in future studies to 

investigate all relevant Gα subunits. 

The average ΔΔG of -0.59 kJ/mol obtained for the Gβ1γ2GRK2 complex (Table 3) 

indicates no significant effect of the A92T variant on the interaction between the Gβ1γ2 

dimer and GRK2. This is also supported by Figure 21, where no non-bonded interactions 

between A92 and GRK2 were found. These findings suggest that GRK2-mediated 

receptor phosphorylation and therefore downstream desensitisation will remain intact in 

this mutant. Of note, this is not the case for all disease-linked Gβ1 positions, which warrants 

in-depth future investigation including ΔΔG calculations, as performed in this thesis for 

GαiGβ1γ2. 

Figure 10 illustrates the results of all three ΔΔG calculations performed for the A92T 

mutation so far in a coherent way. The plotting of the average ΔΔG values and standard 

deviations clearly shows similar results for the Gβ1γ2 dimer and the Gβ1γ2GRK2 complex, 

suggesting that the mutation has no significant effect on the stability of either structures. 

However, for the GαiGβ1γ2 complex a change in energy of the states during the 

transformation of Gβ1γ2 into GαiGβ1γ2 (4.57 kJ/mol) and Gβ1γ2GRK2 into GαiGβ1γ2 (4.84 

kJ/mol) is observed, exceeding the average kinetic energy of the particles at a temperature 

of 310 K (3.9 kJ/mol). Such a change in energies between the states can serve as a factor 

in the destabilisation of the GαiGβ1γ2 heterotrimer, consistent with the results published by 

Lohmann et al. (2017). 

As depicted in Figure 11, RMSD values for the Gαi subunit in complex with the mutant 

are higher than wild-type values. This implies increased structural flexibility and reduced 

conformational stability of the observed chain compared to the wild type complex. These 

findings correlate with the results from the free energy calculations, and confirm the 
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destabilising effect the mutation has on the G protein. RMSD calculations for the Gβ1 

subunit (shown in Figure 12) revealed elevated structural flexibility for the mutant from 25 

ns until approximately 140 ns of simulation time, even displaying deviations of almost 0.4 

nm, while the wild type exhibits relative conformational stability over the whole simulation 

time of 250 ns. 

The RMSF analysis illustrated in Figure 13 shows comparable fluctuation profiles 

between the Gβ1 wild type and the A92T variant, indicating that the mutation does not 

induce significant structural alterations within the Gβ1 chain. Small changes can be seen 

around residues 174-216, 232, 288-306, and 342-344. 

Analysis of non-bonded interactions of Gβ1 with water shows substantially different 

results for the mutant and wild type protein. Considering the change in amino acids from 

hydrophobic alanine to somewhat hydrophilic threonine, these findings are reasonable. 

Residue energy analysis conducted for Gαi revealed four residues in the αi chain that 

interact with residue 92 in the β1 chain, though no significant changes in interaction 

energies have been found between the wild type and mutant. Results for neighbouring 

residues in Gβ1 on the other hand show in part considerable shifts. Most noteworthy are 

the changes in interaction energies for residues 131, 132, and 133, for which the wild type 

shows values of approximately -12 kJ/mol to -19 kJ/mol for non-bonded interactions, while 

the mutant exhibits almost none. Since Elbashat (2025) did not detect significant free 

energy changes when looking at the Gβ1γ2 dimer alone, these shifts are likely induced by 

interactions with the Gαi subunit. 

In summary, the results of the simulations computed as part of this thesis highlight the 

changes in GαiGβ1γ2 interactions caused by the A92T mutation. ΔΔG results are indicative 

of a loss in stability of this specific complex, confirmed by RMSD calculations. However, 

the calculated effects are rather mild, which might be due to the specific Gα subunit 

examined, and the relatively short simulated runs (10 ns). Overall, the results coincide with 

the experimental data obtained by Lohmann et al. (2017) for the GαolfGβ1γ7 trimer. 

Future research on the A92T mutation should focus on investigating different Gα 

subunits as well as other downstream effector molecules that might reveal greater 

structural disruption. Since in other GNB1 variants epilepsy has been linked to disrupted 

interactions with GIRK channels [15], this might be a promising target to study as well. In 

general, the moderate effects on Gαi destabilisation cannot fully explain the broad 

phenotype of the patient, including dystonia and seizures. Manifestation of certain 

phenotypes such as dystonia is not yet clear and warrants further investigation both 

computationally and experimentally. 
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6. Conclusion 

GNB1-E is a rare neurodevelopmental disorder, consequently little data is available on the 

pathophysiological impact of the disease-causing mutations. However, specific 

contributions such as the MD simulations carried out as part of this thesis can provide 

useful insights on structural and dynamic effects of certain mutations. 

Knowledge on the pathology of GNB1-E is continuously growing, and this thesis 

contributes to a better understanding of the alterations that the A92T variant causes on a 

molecular level. Future research may explore the mutation’s effects on other signalling 

pathways via effector proteins different from GRK2, or the consequences of a constitutively 

active Gα protein. 

The more information that is gathered, the more precise treatment options can be 

developed. Currently, therapy is limited to symptom control, but recent advantages in 

CRISPR/Cas9 technology provide the theoretical possibility of single-nucleotide 

corrections, potentially enabling personalised gene therapies tailored to specific 

mutations. However, a crucial limitation of these technologies is the time factor: Since 

GNB1-E is a neurodevelopmental disease, treatment should start very early in order to 

obtain optimal therapy for affected patients. Thus, especially for older patients, drug 

repurposing or de novo drug development strategies might offer more promising treatment 

options. 
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