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Abstract  

G protein coupled inwardly rectifying potassium (GIRK) channels play a vital role 

in inhibitory neurotransmission by hyperpolarizing neurons and silencing cellular 

electrical activity. Mutations often lead to diminished activity of GIRK channels and result 

in a variety of neurological disorders. Missense variants in the GNB1 gene have been 

associated with a broad neuropathological phenotype termed GNB1 encephalopathy. 

We conducted molecular dynamics simulations of the I80T pathological variant that 

impairs GIRK2 activation to investigate structural and dynamical changes of the 

Gβγ subunit. The I80T variant was found to have no impact on structure, conformation 

or dynamics of the isolated Gβγ dimer on the 500 ns time scale. This study shows that 

the I80T variant is predicted to exert its pathological effect by inducing allosteric changes 

upon the binding interaction of Gβγ with GIRK2 channel and identifies the need of further 

experiments to confirm this prediction.  

 

Keywords: GIRK channels, GIRK2, Gβγ, I80T variant, mutation, GNB1 encephalopathy, 

molecular dynamics, structural changes 
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Zusammenfassung  

G-Protein-gekoppelte einwärtsrichtende Kalium (GIRK) Kanäle spielen eine 

entscheidende Rolle in der hemmenden Neurotransmission, indem sie Neuronen 

hyperpolarisieren und die elektrische Aktivität von Zellen zum Schweigen bringen.  

Mutationen führen oft zu einer verminderten Aktivität der GIRK-Kanäle und resultieren 

in verschiedenen neurologischen Störungen. Missense-Varianten im GNB1-Gen wurden 

mit einem breiten neuropathologischen Phänotyp namens GNB1-Enzephalopathie 

in Verbindung gebracht. Wir haben molekulardynamische Simulationen der I80T-

pathologischen Variante durchgeführt, die die Aktivierung von GIRK2 beeinträchtigt, 

um strukturelle und dynamische Veränderungen der Gβγ-Untereinheit zu untersuchen. 

Es wurde festgestellt, dass die I80T-Variante keine Auswirkungen auf Struktur, 

Konformation oder Dynamik des Gβγ-Dimers hat. Diese Studie zeigt, dass die I80T 

Variante voraussichtlich ihre pathologische Wirkung ausübt, indem sie allosterische 

Veränderungen bei der Bindungsinteraktion von Gβγ mit dem GIRK2-Kanal induziert, und 

gleichzeitig identifiziert die Notwendigkeit weiterer Experimente zur Bestätigung dieser 

Vorhersage. 

 

Schlagwörter: GIRK Kanäle, GIRK2, Gβγ, I80T-Variante, Mutation,  

GNB1-Enzephalopathie, molekulardynamische Simulationen, strukturelle 

Veränderungen 

 

 

  



 IV 

Table of Contents 

List of abbreviations ...................................................................................... VI 

List of tables ................................................................................................ VII 

List of figures ............................................................................................... VII 

Introduction .................................................................................................. 1 

1 Literature overview .......................................................................... 2 

1.1 Ion channels .................................................................................................... 2 

1.2 Kir channels ..................................................................................................... 2 
1.2.1 Inward rectification ............................................................................ 3 

1.3 GIRK channels .................................................................................................. 5 
1.3.1 GIRK structure ..................................................................................... 6 

1.3.1.1 4KFM structure model ..................................................................... 8 
1.3.2 G protein function and structure ....................................................... 8 
1.3.3 GIRK2 gating mechanism ................................................................. 10 

1.3.3.1 Gβγ activation .................................................................................. 11 
1.3.3.2 The role of Na+ ................................................................................ 13 
1.3.3.3 PIP2 requirement ............................................................................ 13 

1.3.4 GIRK pathology ................................................................................. 14 

1.4 GNB1 encephalopathy .................................................................................. 14 
1.4.1 Manifestations .................................................................................. 15 
1.4.2 Prevalence ........................................................................................ 15 
1.4.3 Prognosis .......................................................................................... 15 
1.4.4 Diagnosis ........................................................................................... 15 

1.5 GNB1 genetics ............................................................................................... 16 
1.5.1 GNB1 pathogenic variants ............................................................... 16 

1.5.1.1 I80T variant .................................................................................... 18 
1.5.1.1.1 Mechanisms of I80T mutation-induced changes in Gβγ action 

on GIRK2……… ................................................................................................ 18 

1.6 MD simulations .............................................................................................. 19 
1.6.1 Basic principles ................................................................................. 19 
1.6.2 Advantages and limitations ............................................................. 20 
1.6.3 Indication .......................................................................................... 21 

2 Objective ....................................................................................... 22 



 V 

3 Materials and Methods ..................................................................... 23 

3.1 Structure ........................................................................................................ 23 

3.2 System preparation ...................................................................................... 23 

3.3 Simulations .................................................................................................... 24 
3.3.1 Energy minimization ........................................................................ 24 
3.3.2 NVT equilibration ............................................................................. 24 
3.3.3 NPT equilibration ............................................................................. 24 
3.3.4 Production run ................................................................................. 25 

3.4 Analysis .......................................................................................................... 25 
3.4.1 Evaluation of thermodynamic properties....................................... 25 
3.4.2 Evaluation of trajectory and structural changes ............................ 25 

4 Results ........................................................................................... 26 

4.1 Evaluation of thermodynamic properties ................................................... 26 

4.2 Evaluation of trajectory and structural changes ........................................ 26 
4.2.1 Hydrogen bond analysis .................................................................. 27 
4.2.2 SASA analysis ................................................................................... 32 
4.2.3 Radius of gyration analysis .............................................................. 33 
4.2.4 RMSD analysis .................................................................................. 34 
4.2.5 RMSF analysis ................................................................................... 36 

4.2.5.1 Gβ RMSF analysis ........................................................................... 36 
4.2.5.2 Gγ RMSF analysis ............................................................................ 38 

5 Discussion ....................................................................................... 40 

6 Conclusion ...................................................................................... 43 

References ................................................................................................... 44 

Internet references ....................................................................................... 48 

Supplementary ............................................................................................. 49 

 

 

 
  



 VI 

List of abbreviations 

CTD   cytoplasmic domain 

EK   equilibrium potential 

ETX   ethosuximide 

GDP   guanosine diphosphate 

GIRK (channels)  G protein coupled inwardly rectifying potassium (channels) 

GoF   gain of function 

GPCR   G protein coupled receptor 

GTP   guanosine triphosphate 

HBA   hydrogen bond acceptor   

HBC   helix bundle crossing 

HBD   hydrogen bond donor 

Kir (channels)  inwardly rectifying potassium (channels) 

LoF   loss of function 

MD   molecular dynamics 

PIP2   phosphatidylinositol 4,5-bisphosphate 

RMSD   root mean square deviation 

RMSF   root mean square fluctuation 

SASA   solvent accessible surface area 

SF   selectivity filter 

TMD   transmembrane domain 

wt   wild-type 

 

 

 

 

 

 

 

 

  



 VII 

List of tables 

Table 1 – Characteristics of Kir family members ............................................................................3 

Table 2 – Notable GNB1 pathogenic missense variants ............................................................... 17 

Table 3 – Summary of structures used in MD simulations for analysis ....................................... 26 

Table 4 – Average number of hydrogen bonds formed between the side chain of Thr80 and 

surrounding residues in I80T Gβγ ................................................................................................... 28 

Table 5 – Occupancy of hydrogen bonds formed between Ile80/Thr80 and selected residues in 

wt/I80T Gβγ in solution ................................................................................................................... 28 

Table 6 – Average number of hydrogen bonds formed between Gβ and Gγ per timeframe ....... 31 

Table 7 – Average SASA (in nm2) of Gβγ per timeframe ................................................................. 33 

Table 8 – Average radius of gyration (in nm) of Gβγ per timeframe ............................................. 34 

Table 9 – Average RMSD values (in nm) of Gβγ per timeframe ..................................................... 35 

Table 10 – RMSF values for Ile80 and Thr80 in the wt and I80T Gβγ variants ............................... 36 

Table 11 – Average RMSF values for selected residues of wt, I80T and ETX Gβγ .......................... 38 

 

Table S1 – Summary of selected descriptive parameters to assess structural and trajectory 

changes of wt Gβγ, I80T Gβγ and ETX Gβγ ........................................................................................ 50 

  



 VIII 

List of figures 

Figure 1 – Schematic mechanism of Kir channel rectification relative to membrane potential . 5 

Figure 2 – GIRK subunit composition in mammalian neuronal cells ............................................ 6 

Figure 3 – Structure of the GIRK2–Gβγ complex and its regulators (PDB: 4KFM) .......................... 7 

Figure 4 – Structure of the GIRK2–Gβγ complex binding interface (PDB: 4KFM) ......................... 10 

Figure 5 – Gating mechanism of GIRK2 channel activation ........................................................ 12 

Figure 6 – Structure of isoleucine and threonine ........................................................................ 18 

Figure 7 – Aligned structures of Gβγ from conducted MD simulations (PDB: 4KFM) ................... 27 

Figure 8 – Hydrogen bonds between Ser72 and Ile80/Thr80 (PDB: 4KFM) ................................. 29 

Figure 9 – Selected hydrogen bond interactions between Thr80 and surrounding residues in the 

I80T pathological variant (PDB: 4KFM) ........................................................................................ 30 

Figure 10 – Number of hydrogen bonds formed between Gβ and Gγ throughout simulations .. 31 

Figure 11 – Solvent accessible surface area of Gβγ throughout simulations .............................. 32 

Figure 12 – Radius of gyration for Gβγ throughout simulations................................................... 33 

Figure 13 – RMSD of Gβγ backbone after 1sq fit to backbone throughout simulations .............. 35 

Figure 14 – RMSF of Gβ protein throughout simulations ............................................................. 37 

Figure 15 – RMSF of Gγ protein throughout simulations ............................................................. 39 

 

Figure S1 – Thermodynamic properties of system equilibration prior to MD simulation free runs

 ....................................................................................................................................................... 49 

Figure S2 – Number of hydrogen bonds formed between Gβ and Gγ throughout simulations (ETS)

 ....................................................................................................................................................... 51 

Figure S3 – Solvent accessible surface area of Gβγ throughout simulations (ETS) ..................... 51 

Figure S4 – Radius of gyration for Gβγ throughout simulations (ETS) ......................................... 51 

Figure S5 – RMSD of Gβγ backbone after 1sq fit to backbone throughout simulations (ETS) .... 52 

Figure S6 – RMSD of Gβγ protein after 1sq fit to protein throughout simulations ...................... 53 

Figure S7 – RMSF of Gβ protein throughout simulations (ETS) ................................................... 54 

Figure S8 – RMSF of Gγ protein throughout simulations (ETS) ................................................... 54 

Figure S9 – RMSF of Gβ and Gγ side chain for wt and I80T structures throughout simulations . 55 



 1 

Introduction 

Ion channels are life-essential proteins responsible for maintaining homeostasis 

and intercellular communication. The inwardly rectifying K+ channels Kir3.2 that are also 

referred to as GIRK2 channels are predominantly expressed in neural tissues. Their 

function is to silence cellular electrical activity, slow synaptic potentials and contribute 

to the maintenance of cellular resting potential (Lüscher & Slesinger, 2010; Wang et al., 

2016). Regulation of GIRK2 channels consists of a complex and not fully understood 

regulatory interplay between the G protein βγ subunit, PIP2 and Na+ ions, where several 

models of gating mechanisms have been proposed. Albeit the presence of PIP2 molecules 

is essential for GIRK2 activation (Li et al., 2019) and Na+ ions have a regulatory role 

(Wang et al., 2014), it is debated whether the role of Gβγ is essential or modulatory, while 

its effect on GIRK2 regulation is substantial (Bernsteiner et al., 2019; Wang et al., 2014).  

Mutations are widely recognized as the primary cause of a variety of channelopathies 

(Kim, 2014). In the recent years, advances of next generation sequencing methods enabled 

the detection of new disease-causing mutations (Lohmann et al., 2017). GNB1 

encephalopathy is a diverse neurodevelopmental condition that often results from 

mutations in the GNB1 gene, which encodes the Gβ subunit (Reddy et al., 2021). Among 

patients, the LoF I80T pathogenic variant is the most prevalent, leading to excessive 

neuronal firing and susceptibility to seizures (Revah-Politi et al., 2020). 

The aim of this study was to investigate changes in conformation and dynamics 

of the Gβγ subunit resulting from the I80T mutation causing GNB1 encephalopathy. 

MD simulations were employed to model the behavior of wt and mutated Gβγ to test 

whether the I80T pathological variant influences the stability of Gβγ, or whether it exerts 

its influence on GIRK2 activation through mechanisms of allosteric changes.  
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1 Literature overview 

1.1 Ion channels 

Ion channels are life-essential proteins localized in plasma membranes of living cells 

and their organelles. They play a key role in regulating physiological processes (neuronal 

signaling, muscle contraction, nutrient transport) and maintaining homeostasis through ion 

transport. Ion channels form aqueous pores that allow for a highly-selective flow 

of specific ions (primarily K+, Na+, Cl- or Ca2+) across the lipid bilayer (Rubaiy, 2017). 

Ion movement across cell membranes can either be active or passive. While active 

transport is characterized by movement of ions against the electrochemical gradient and 

therefore requires additional energy, passive transport takes use of transport along 

the electrochemical gradient. It is the latter that utilizes conductance, selectivity and gating 

as key aspects for normal functionality (Rubaiy, 2017). 

Ion flow through the channels creates electrical currents that enable for fundamental 

communication between cells. However, malfunction of normal ion flow gives rise 

to pathophysiological processes resulting in a multitude of diseases termed 

channelopathies. The most common cause of channelopathies are mutations, either 

in genes directly encoding the ion channel, or in their regulatory proteins (Kim, 2014). 

Therefore, ion channels can serve as therapeutic drug targets for various diseases including 

neurological disorders such as epilepsy, depression or migraines (Rubaiy, 2017). 

1.2 Kir channels 

Inwardly rectifying potassium (Kir) channels are transmembrane proteins that 

possess diverse physiological functions depending on specific subtype and location. They 

contribute to the maintenance of the cellular resting potential by reducing excitability 

of neurons and re-establish resting membrane potential in excitable cells. This way they 

regulate cardiac and neuronal electrical activity, control K+ transport in non-excitable cells, 

and transduce communication between the intracellular and extracellular environments 

(Hibino et al., 2010; Lu, 2004). Described in Table 1, based on sequence alignment and 

phylogenetic analysis, human Kir channels have been classified into 7 subfamilies  

(Kir1–7) consisting of 16 isoforms characterized by 4 different functional groups 

and distinct levels of tissue expressions (Cui et al., 2021).  
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Table 1 – Characteristics of Kir family members. The table summarizes similarities and differences 

among 7 Kir subfamilies in terms of 16 known Kir subunits, functional group specification and expression 

in various tissues. Intermediate levels of expression are shown in cursive while prominent levels 

of expression are shown in bold (created according to Cui et al., 2021; de Boer et al., 2010; Hibino et al., 

2010). 

 

Kir channel pores consist of 4 subunits, each subunit consists of a transmembrane 

domain (TMD) and a cytoplasmic domain (CTD). Kir family members show a high 

sequence similarity of 30–99% allowing for formation of both homomeric and heteromeric 

assemblies not only within subfamilies (e.g. Kir3.1–Kir3.2), but also across subfamilies 

(Kir4.1–Kir5.1). Heteromeric formations allow for more unique functional properties 

in comparison with monomeric structures (Cui et al., 2021). Kir channels are generally 

activated by phosphatidylinositol 4,5-bisphosphate (PIP2), while Kir3.x channels 

are additionally regulated also by intracellular Na+ and G protein subunits (Khan et al., 

2013; Kurata, 2016). It is Kir3.2 channels that are a focus of this work. 

1.2.1 Inward rectification 

The key functional feature of Kir channels is to allow for easier movement of K+ ions 

in the inward direction rather than in the outward direction. They were first identified 

in skeletal muscle cells, and due to greater K+ ion flow into the cell compared to out of the 

cell, they were initially referred to as “anomalous” rectifier K+ currents (Hibino et al., 

2010). Rectification is explained as a change of conductance with voltage, therefore 

Kir channels are voltage dependent. Kir channels are active at resting membrane potential 

(around -70 mV), and with an increase in membrane potential (therefore, membrane 

depolarization), their activity diminishes. Therefore, Kir channels play an important role 

in the regulation of resting membrane potential (Baronas & Kurata, 2014). 

Voltage dependent inward rectification is not an intrinsic property of Kir channels, 

rather it is a result of asymmetric, open-channel pore blockage by intracellular divalent 
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cations (Mg2+) or polyamines (Hibino et al., 2010). Upon removal of Kir channels from 

cellular environments, inward rectification can be reduced or abolished (Lopatin et al., 

1994; Lu, 2004).  

Under physiological conditions (high intracellular and low extracellular 

K+ concentrations), at potentials negative to the equilibrium potential (EK) of potassium 

(conditions with no current and no concentration gradient; EK ~ -90 mV), Kir channels 

allow for a large K+ current into the cell. On the contrary, at potentials positive to the 

EK of potassium, only a small K+ flux out of the cell is observed due to the binding 

of polyamines or Mg2+ ions (Lüscher & Slesinger, 2010; Rifkin et al., 2017). 

At membrane potentials > -90 mV, K+ ions wish to exit the neuron, while the Kir 

channel pore is also blocked by polyamines or Mg2+ ions. The more positive the membrane 

potential gets, the tighter the seal of the pore by the blockers gets; however, the blockers 

do not seal the pore completely and small currents are still possible due to slippage 

of K+ ions even at positive potentials. Physiologically, a small outward K+ flux is present 

at resting membrane potential (-70 mV). With an increase in membrane potential upon 

an electrical stimulus (up to ~ +30 mV), K+ conductance diminishes, therefore Kir 

channels are not conductive during depolarization and repolarization due to the tighter seal 

by polyamines and Mg2+ ions. With a decrease of membrane potential below -70 mV 

during hyperpolarization, the seal of the pore by blockers weakens and increased K+ efflux 

is observed. At membrane potentials < -90 mV, polyamines and Mg2+ ions are to exit 

the pore, which would enable a rapid K+ flow into the cell. Physiologically, however, the 

membrane potential rarely reaches values < -90 mV, therefore rapid inward K+ currents 

in Kir channels are uncommon (Baronas & Kurata, 2014; Lu, 2004; Lüscher & Slesinger, 

2010). The mechanism is further explained in Figure 1. It is important to mention that not 

all members of the Kir family show the same degree of rectification, following from strong 

to weak, where Kir2 > Kir3 >> Kir1 (Glaaser & Slesinger, 2015).  
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Figure 1 – Schematic mechanism of Kir channel rectification relative to membrane potential. The EK 

of K+ is ~ -90 mV. At membrane potentials > -90 mV, small outward K+ currents are observed due to the 

blockage of the pore by polyamines and Mg2+ ions. At membrane potentials < -90 mV, polyamines and 

Mg2+ exit the pore, which enables large K+ inward currents. These are, however, uncommon 

in physiological environments.  

1.3 GIRK channels  

G protein-gated K+ channels, also known as Kir3.x or G protein coupled inwardly 

rectifying potassium (GIRK) channels, is the only Kir channel subfamily that is directly 

regulated by G protein subunits and linked to G protein coupled receptors (GPCRs)  

(Whorton & MacKinnon, 2013). GIRK channels are predominantly expressed in neural 

tissues (Table 1) and their activity has a crucial role in regulating neurological processes 

such as pain perception, memory modulation or processes of learning. Moreover, abnormal 

GIRK function is associated with neural disorders such as epilepsy, anxiety, Parkinson’s 

disease, Down’s syndrome, and GNB1 encephalopathy (Jeremic et al., 2021; Lüscher 

& Slesinger, 2010; Reddy et al., 2021). Similarly, GIRK knockout mice show spontaneous 

spasms, increased seizure susceptibility or hyperactivity (Lüscher & Slesinger, 2010). 

Thus, GIRK channels are key for inhibitory neurotransmission in the brain making them 

valuable targets for development of drugs combating neurological disorders. 
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1.3.1 GIRK structure 

X-ray crystallography and cryo-electron microscopy studies provide for detailed 

insights into the structure of GIRK channels. There are 4 distinct GIRK channel subunits 

expressed in mammalian cells: GIRK1 (Kir3.1), GIRK2 (Kir3.2), GIRK3 (Kir3.3) and 

GIRK4 (Kir3.4). Subunits GIRK1–3 are widely expressed in neural tissues, while 

expression of GIRK4 is low. In native tissues and heterologous expression systems, GIRK 

subunits assemble into tetramers to form a functional channel. While GIRK1 and GIRK3 

can only form functional channels in heterotetrameric assemblies, GIRK2 and GIRK4 

are also functional in homomeric assemblies (Lüscher & Slesinger, 2010). GIRK1–GIRK2 

heterotetramers are the predominant form of GIRK channels expressed in the brain (Liao 

et al., 1996). GIRK-knockout mice studies have revealed that GIRK2 is key for generating 

GIRK currents in neurons, as mice lacking genes encoding the GIRK2 exhibited little 

to no GIRK current selected brain regions (Lüscher & Slesinger, 2010). GIRK complexes 

expressed in mammalian brain are further shown and described in Figure 2.  

 

Figure 2 – GIRK subunit composition in mammalian neuronal cells. GIRK subunits GIRK1, GIRK2 and 

GIRK3 are widely expressed in the brain, while GIRK4 shows low levels of neural expression 

(not depicted). GIRK1–GIRK2, GIRK1–GIRK3 and GIRK2–GIRK3 form heterotetramers, while GIRK2–GIRK2 

may also form homomers. GIRK1, GIRK2 and GIRK3 subunits can only form heteroterameric channels, 

they are not functional as homotetramers. 

GIRK channels consist of a relatively small TMD and a longer CTD. Each GIRK 

subunit of the tetramer contains two spinning transmembrane helices, TM1 (outer helix) 

and TM2 (inner helix). The GIRK N-terminus located in the CTD forms a short loop region 

that is followed with the TM1 outer helix in the TMD leading to short, extracellular turrets 

responsible for toxin binding (Glaaser & Slesinger, 2015). A pore helix in the TMD leads  

to P-loops that form the channel selectivity filter (SF), a narrow pore that discriminates 

between different ion types and establishes K+ specificity (Pegan et al., 2005). The 

sequence motif of the SF is highly conserved among different Kir channels (Tao et al., 

2009). P-loops are followed with the TM2 inner helix that transitions into the CTD. GIRK 

channels contain at least two gates that undergo a conformational change: a helix bundle 
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crossing (HBC) gate located in the lower part of the TMD close to the inner leaflet of the 

membrane bilayer, and a G-loop gate in the apex of the CTD. These regions are responsible 

for either allowing or preventing K+ ions to move through the channel, influencing 

K+ conductivity. HBC and G-loop gates are regulated by the binding of the Gβγ protein 

subunit, PIP2 molecules and Na+ ions, the gating mechanism is further described in Chapter 

1.3.3 (Friesacher et al., 2022; Li et al., 2018; Pegan et al., 2005). The Gβγ protein subunit 

binds to the GIRK channel in the CTD while the Gγ C-terminus functions as an anchor 

to the membrane (Whorton & MacKinnon, 2013). It is important to mention that available 

structures often lack several amino acids at the N and C-termini and are considered 

intrinsically disordered (Pegan et al., 2005). The structure of a GIRK2–Gβγ complex 

and its regulators is depicted in Figure 3.  

 

Figure 3 – Structure of the GIRK2–Gβγ complex and its regulators (PDB: 4KFM). Two opposing dimers 

are displayed and only one Gβγ protein subunit is shown for clarity. The approximate membrane extent 

is shown with gray lines indicating the transmembrane and cytoplasmic domain of the channel. GIRK2 

is shown in gray, Gβ in pink and Gγ in purple. The HBC and G-loop gate are shown in green. Bound Na+ ions 

are represented as teal spheres and PIP2 is shown in blue. On each GIRK2 homotetramer, there 

are 4 binding sites for each regulating ligand: Gβγ, PIP2 and Na+. 
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1.3.1.1 4KFM structure model 

The 4KFM model (Whorton & MacKinnon, 2013) with a resolution of 3.45 Å 

presents a crystal structure of the mammalian (mouse) GIRK2 channel bound in complex 

with the Gβγ protein subunits in a tetrameric formation. This signaling complex is a central 

link between GPCR stimulation and Kir channel activity (Whorton & MacKinnon, 2013). 

As hydrated K+ ions are 8 Å in diameter, the pore of open GIRK2 channels 

is required to be greater in order to allow passage of K+ ions. Hydrophilic pore of the 

constitutively open GIRK2 R201A mutant was measured to be 9 Å in diameter, sufficiently 

allowing passage of hydrated K+ ions (Whorton & MacKinnon, 2011). Similarly, other 

constitutively open K+ channels have a pore diameter of 10 Å. As the pore diameter 

of GIRK2 in the 4KFM structure is only 6–7 Å, the authors suggest a pre-opened state 

of GIRK2, where four Gβγ subunits are stabilized at the interfaces between four identical 

GIRK2 channel subunits by short-range atomic and long-range electrostatic interactions 

(Whorton & MacKinnon, 2013). 

The binding of Gβγ to GIRK2 subunits results in a rotation of the CTDs with respect 

to TMDs and splaying of the TM2 helices, accounting for the intermediate pre-open 

conformation between opened and closed state of the constitutively active channel. GIRK2 

channels in the pre-open state exhibit so-called burst kinetics, when the Gβγ activated 

GIRK2 channel is believed to flicker rapidly between conductive (open) and non-

conductive (pre-open) conformations (Whorton & MacKinnon, 2013). The 4KFM model 

is the only available structure of GIRK2 co-crystallized with Gβγ. 

1.3.2 G protein function and structure 

G proteins are essential components of downstream signal transduction pathways. 

GPCRs are plasma membrane receptors that are crucial for physiological functioning 

of vital systems in the organism. In an inactive state, G proteins are bound to GPCRs 

as heterotrimers consisting of subunits Gα, Gβ and Gγ. Several structurally different forms 

of each monomer (α, β and γ) are identified in humans, which allows for creation of various 

distinct heterotrimeric complexes that determine specificity for effector molecules. Upon 

GPCR activation by agonists, the Gα subunit dissociates from the Gβγ and Gβγ acts as a key 

GIRK2 modulator (Duc et al., 2015). 

The Gα protein subunit is composed of a Ras-like domain and α-helical domain, 

between which the nucleotide-binding pocket is located. The Ras-like domain provides 
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a binding site for the Gβγ subunits and has a slow GTPase activity to hydrolyze guanosine 

triphosphate (GTP) into guanosine diphosphate (GDP) after activation (Duc et al., 2015). 

The Gβγ subunit directly interacts with GIRK2 through Gβ binding to the CTD, while 

the C-terminus of Gγ covalently anchors the complex to the membrane through 

the prenylated lipid tail (Whorton & MacKinnon, 2013). Prenylation is a type of lipid 

modification characterized by the addition of 20-carbon geranylgeranyl isoprenoids 

to conserved cysteine residues at the C-terminus (Zhang & Casey, 1996). The Gβγ 

is a dimer composed of two polypeptides that never dissociate in physiological 

environments. They are held together primarily by hydrophobic interactions, and are 

therefore seen as one functional unit (Higgins & Casey, 1994). The Gγ subunit is vital 

for proper expression and folding of the Gβ subunit that belongs to the β-propeller family 

of proteins (Schmidt et al., 1992). The N-terminal helices of both subunits form a coiled-

coil interaction that stabilizes the complex with respect to the 7 antiparallel β-sheets of Gβ 

(Sondek et al., 1996).  

The hydrophobic contact interface between GIRK2 and Gβγ dimer is approximately 

700 Å and mediated through short-range hydrogen bonds and long-range electrostatic 

interactions (Whorton & MacKinnon, 2013). The binding site occurs at the interface of two 

adjacent GIRK2 subunits, where each of the Gβγ subunits binds to the CTDs of both 

channel subunits. A set of amino acids unique to GIRK2–Gβγ binding site has been 

identified and includes residues Gln248 and Phe254 of one GIRK2 subunit interacting with 

residues Gln75, Ser98 and Trp99 of Gβ, and the sequence Leu-Thr/Ser-Leu (342–344) 

of the adjacent GIRK2 subunit forming contacts with residues Leu55 and Lys78 

of Gβ (Whorton & MacKinnon, 2013). The GIRK2–Gβγ binding interface is shown 

in Figure 4, however, it is of importance to note that it has not been fully deciphered yet.  
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Figure 4 – Structure of the GIRK2–Gβγ complex binding interface (PDB: 4KFM). Two opposing dimers 

of GIRK2 are displayed and only one Gβγ subunit is shown for clarity. Interacting residues of one 

GIRK2 subunit Gln248 and Phe254 are shown in yellow, these form hydrogen bonds with residues Gln75, 

Ser98 and Trp99 of Gβ shown in shades of purple. Leu55 and Lys78 of Gβ shown in orange would interact 

with the adjacent GIRK2 subunit that is not shown for clarity. Ile80 is not located directly in the binding 

site, but is shown to demonstrate its binding site proximity, as residue 80 is a focus of this work.  

1.3.3 GIRK2 gating mechanism 

As GIRK2 channels have been shown to play important roles in both physiological 

(memory, learning) and pathophysiological (drug addiction, epilepsy, Parkinson’s disease, 

Down’s syndrome) neurological processes, elucidation of their gating mechanism has 

gained a lot of interest in order to develop drugs that successfully target GIRKs (Jeremic 

et al., 2021). As previously mentioned, K+ ions have to overcome 3 constrictions in order 

to permeate through GIRK2 channels: the SF, the HBC gate and the G-loop gate. 

Electrophysiological and structural studies along with planar bilayer experiments have 

shown that PIP2 molecules must be present for channel activation while Na+ ions are not 

essential, but further promote channel opening (Wang et al., 2014). It is still debated 

whether the presence of Gβγ subunits is essential for GIRK2 activation (Bernsteiner et al., 

2019; Wang et al., 2014). Binding of Gβγ subunits, PIP2 and Na+ ions in close proximity 

to the gates results in conformational changes of the pore that opens wide enough to allow 

K+ ions to pass through the channel (Bernsteiner et al., 2019; Pegan et al., 2005).  
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However, GIRK2 gating regulation by multiple intracellular regulators is a complex 

mechanism that is not fully understood and has yet to be decoded in detail. Several models 

of the regulatory interplay between Gβγ, PIP2 and Na+ have been proposed and despite 

being partially contradictory, they all indicate that GIRK2 regulators act through 

a complicated, allosteric network inducing a multitude of conformational changes of the 

channel and its gates (Li et al., 2019; Niu et al., 2020; Wang et al., 2016). Reconstitution 

experiments have shown that the individual regulators can activate the channel partially, 

but in combination, they act synergistically and activate it to a greater extent (Whorton 

& MacKinnon, 2013). However, the details of how the GIRK2 gates are controlled by Gβγ, 

PIP2 and Na+ still need to be elucidated. 

1.3.3.1 Gβγ activation 

GIRK2 channels in the brain can be activated by various inhibitory neurotransmitters 

(including serotonin, dopamine, somatostatin, opioids and gamma-aminobutyric acid) 

through GPCRs (Glaaser & Slesinger, 2015). In the absence of a receptor agonist, 

the GPCR is bound to the G protein in an inactive state. The G protein is a trimer, where 

the Gα subunit binds GDP and forms a complex with Gβγ. When an agonist stimulates the 

GPCR and activates it, the GTPase activity of Gα increases, converting bound GDP into 

GTP, which induces the dissociation of the heterotrimeric G protein from the receptor that 

further dissociates into Gα and Gβγ. The Gα subunit remains attached to the membrane 

via its N-terminus and further interacts with various effector molecules (Duc et al., 2015; 

Hibino et al., 2010). The Gβγ subunit is believed to activate the GIRK2 channel 

in a membrane delimited phenomenon, where the Gβγ diffuses towards the channel, while 

it is still attached to membrane’s cytoplasmic surface. The Gβγ subunit then attaches 

to GIRK2 via the interaction of Gβ with the channel CTD and the Gγ prenylated C-terminus 

ensures membrane attachment (Whorton & MacKinnon, 2013). A study of computational 

modeling and MD simulations has determined that Gβγ stabilizes the HBC gate in an open 

state via inducing a rotation/tilt of the CTD (Li et al., 2019). The influence of Gβγ on the 

activation of GIRK2 is further described in Figure 5.  
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Figure 5 – Gating mechanism of GIRK2 channel activation. In an inactive state in the absence 

of a GPCR agonist, a trimeric G protein bound to GDP is attached to GPCR. Upon agonist binding to the 

GPCR, a GDP/GTP exchange is accelerated on a bound G protein, which induces G protein dissociation. 

The Gβγ subunit then binds to the CTD of GIRK2, and in the presence of PIP2 and Na+ induces 

conformational changes of the HBC and G-loop gates causing the channel to open and K+ ions permeate 

through. The approximate membrane extent is shown with gray lines indicating the transmembrane and 

cytoplasmic domain of the channel. GPCR is represented in light blue, GPCR agonist in purple, GIRK2 

channel in burgundy, HBC and G-loop gates in shades of green. GDP and GTP are depicted in shades 

of pink. Gα subunit is depicted in yellow and Gβγ in shades of dark grey. PIP2 is shown in blue, K+ ions 

in turquoise and Na+ ions in teal. 

In the presence of membranes that contain PIP2 molecules, Gβγ has been shown 

to be sufficient to increase the open probability of GIRK2 channels. However, it is not 

known how many Gβγ subunits are needed to open the channel (Whorton & MacKinnon 

2013). As the Gα and GIRK2 binding sites with Gβγ overlap, GPCR activation and the 

dissociation of heterotrimeric G protein into Gα and Gβγ is required for GIRK2 activation, 

but whether a single GPCR in close proximity to the channel is sufficient to activate 

the channel, or whether multiple receptors are required still remains a question (Whorton 

& MacKinnon, 2013).  

M
E

M
B

R
A

N
E extracellular

intracellular

GIRK2

INACTIVE

GPCR

Gβ

GγGα
GDP

GIRK2

Gβ

Gγ

Gα
GTP

agonist

ACTIVE

Na+

PIP2

M
E

M
B

R
A

N
E

extracellular

intracellular

GPCR

K+

conformational change of GIRK2

K+

HBC

G-loop

HBC

G-loop

PIP2

Na+



 13 

Dissociation of Gβγ from GIRK2 is not well studied and it is not clear how long does 

it stay bound to the channel and which influencing factors are key. However, the hydrolysis 

of GTP into GDP (due to the slow GTPase activity of Gα) reverts the conformational 

change of the G protein. This mediates the separation of Gβγ from GIRK2 and causes 

channel deactivation (Jeremic et al., 2021). The Gα subunit is likely to indirectly deactivate 

GIRK2 channels by binding the free, channel unbound Gβγ subunits and shifting the Gβγ 

equilibrium away from channel occupancy (Wang et al., 2014). 

1.3.3.2 The role of Na+  

Sodium enters neurons during the firing of action potentials, therefore 

the concentration of intracellular Na+ increases during excessive electrical excitation. 

Na+ ions bind to the CTD of GIRK2 below PIP2 and below the G-loop gate. Multiple 

groups have hypothesized that the presence of Na+ ions increases the binding affinity 

of PIP2 to GIRK2 channel. Therefore, Na+ is not essential and not sufficient for channel 

activation, but it modulates the effect of PIP2 and Gβγ over physiological concentrations 

(Huang et al., 1998; Wang et al., 2014; Wang et al., 2016). A study of computational 

modeling and MD simulations has determined that Na+ ions control the G-loop gate and 

stabilize it in an open state through inducing an anti-clockwise rotation (Li et al., 2019). 

Therefore, increased intracellular concentration of Na+ ions appears to help in activation 

of GIRK2 channels through conformational control of gating mechanisms (Figure 5).  

1.3.3.3 PIP2 requirement 

Activation of GIRK2 channels is dependent on the presence of PIP2 molecules that 

stabilize the HBC and G-loop gates in an open state through direct interactions (Li et al., 

2019). PIP2 is a signaling lipid that binds to GIRK2 in close proximity of the HBC gate 

located in the CTD-TMD interface. PIP2 acts as an allosteric regulator to permit 

Gβγ binding to GIRK2 by reshaping the Gβγ binding surface on the CTD (Niu et al., 2020). 

The exact role of PIP2 is enigmatic, though based on cryo-electron microscopy analysis 

of PIP2 regulation, it has been hypothesized that PIP2 brings the CTD of the channel closer 

to the membrane surface. As Gβγ is held at the membrane surface through 

the geranylgeranyl lipid tail on the Gγ C-terminus, bringing the CTD closer to membrane 

surface could be a key event in order for Gβγ to bind. In the absence of PIP2, Gβγ is therefore 

unable to bind to the channel, as it cannot access its binding site on GIRK2 (Figure 5) 

(Li et al., 2019; Niu et al., 2020). Additionally, PIP2 on its own is not able to gate 
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the GIRK2 channel efficiently, and the presence of Gβγ subunits and Na+ ions has shown 

to increase the affinity of GIRK2 to PIP2 in synergistic mechanisms (Logothetis et al., 

2015).  

1.3.4 GIRK pathology 

As previously mentioned, GIRK malfunctions are implicated in the pathophysiology 

of a multitude of channelopathies, with mutations being their most prominent cause. Two 

genetical pathological principles are distinguished: gain of function (GoF) or loss 

of function (LoF) mutations. GoF mutations of GIRK channels show increased ionic 

currents and can considerably reduce neural activity through silencing neuronal firing, 

such is implicated in Down’s syndrome. On the other hand, LoF GIRK mutations show 

decreased ionic currents and lead to excessive neuronal excitability, increased firing and 

susceptibility to seizures, as observed in epilepsy or GNB1 encephalopathy. Additionally, 

loss of selectivity across GIRK channels can cause aberrant, constitutively active 

K+ outward fluxes that trigger cell death that is implicated in the pathology of Parkinson’s 

disease (Lüscher & Slesinger, 2010; Mathiharan et al., 2021; Reddy et al., 2021).  

Several specific mutations on the GIRK2 channel and on the G protein were shown 

to alter the GPCR mediated activation of channels, often causing problematic binding 

of Gβγ to GIRK2 (Whorton & MacKinnon, 2013). This work focuses on the I80T LoF 

mutation of the Gβ subunit that causes GNB1 encephalopathy (Reddy et al., 2021). 

1.4 GNB1 encephalopathy 

Even though the complex etiology of most neurodevelopmental syndromes is not 

elucidated, the unraveling of genetic causes is rapidly increasing and hundreds of new 

genes and their mutations are being implicated as disease-causing. Among these, the GNB1 

gene encoding for the Gβ1 subunit of G protein has recently been described as causal 

for a heterogeneous neurodevelopmental syndrome termed GNB1 encephalopathy, 

also known as GNB1 syndrome, in which a unifying characteristic is global development 

delay present in 100% of patients (Da Silva et al., 2021; Hemati et al., 2018; Revah-Politi 

et al., 2020).  
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1.4.1 Manifestations 

GNB1 encephalopathy is a genetically determined neurological disorder 

that is characterized by moderate to severe developmental delay and/or intellectual 

disability, seizures, epileptiform activity in the electroencephalogram, structural brain 

abnormalities and muscle hypotonia. Additional symptoms that vary among patients may 

include dystonia (involuntary muscle contractions), growth delay, behavioral issues, 

reduced vision, gastrointestinal problems, genitourinary problems in males and cutaneous 

mastocytosis. Disease management includes symptomatic treatment of above listed 

manifestations as per standard care (Revah-Politi et al., 2020).  

1.4.2 Prevalence 

GNB1 encephalopathy is a rare disease with less than 100 confirmed cases 

worldwide (as of October 23rd 2023, 64 cases are known), where no increased disease 

prevalence has been shown in specific ethnic groups or populations. However, due to the 

small number of patients reported, clinical data is limited. As the mutations causing GNB1 

encephalopathy have only been discovered recently and diagnosis tools are not widely 

available due to high costs, it is expected that many patients have been previously 

misdiagnosed with for example autism spectrum disorders, cerebral palsy, or epilepsy-

associated developmental delays (Revah-Politi et al., 2020; www1). 

1.4.3 Prognosis 

Life expectancy and common causes of death are unknown, as most of the patients 

reported are children or young adults. As many adult patients with intellectual disabilities 

have not undergone advanced genetic testing, it is expected that adult GNB1 

encephalopathy patients are misdiagnosed, and therefore under-reported. Due to the 

absence of high morbidity or mortality congenital anomalies, it is believed that with 

appropriate management of symptoms, the prognosis for patients appears favourable 

(Revah-Politi et al., 2020). 

1.4.4 Diagnosis 

Up to half of children suffering from severe developmental disorders of probable 

genetic origin remain without an official genetic diagnosis despite the rapid progression 

of diagnostic tools in the last decades. Diagnostics of rare disorders with variable clinical 
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manifestations is particularly challenging, as it is difficult to distinguish them from other, 

clinically indistinguishable disorders (Fitzgerald et al., 2015). Formal diagnostic criteria 

for GNB1 encephalopathy have not yet been established and the disease should 

be considered in patients that present with its manifestations. However, given the fact that 

phenotypic features associated with GNB1 encephalopathy are insufficient and associated 

with other diseases, it is difficult to suspect the disease solely based on clinical features. 

The diagnosis is confirmed by molecular genetic testing through identification 

of a heterozygous GNB1 pathogenic variant (Revah-Politi et al., 2020).  

Whole-exome sequencing studies on patients presenting with a set of relatively 

unspecific clinical features have recently been proven as a powerful strategy in discovering 

disease-associated genes and identifying de novo mutations in affected populations. 

Clinical sequencing labs report that among the individuals recruited for undiagnosed 

genetic disorders, around a third of them are diagnosed following whole-exome 

sequencing, with de novo pathogenic variants being the most prominent cause (Petrovski 

et al., 2016).  

1.5 GNB1 genetics 

The GNB1 gene (chromosome locus 1p36.33) encodes the Gβ1 subunit of the 

heterotrimeric G protein (Reddy et al., 2021). Functional studies have shown that abnormal 

Gβ1 impairs the function of the G protein (Lohmann et al., 2017). The disease is most often 

caused by a de novo GNB1 pathogenic variant resulting from a germline missense 

mutation, but rarely can also be caused by deletions, splice site mutations, or inherited 

from parents to offspring in autosomal dominant manner. Penetrance is expected 

to be 100% (Da Silva et al., 2021; Revah-Politi et al., 2020). The disease phenotype 

associated with de novo missense GNB1 pathogenic variants was first described 

by Petrovski et al. in 2016 (Hemati et al., 2018).  

1.5.1 GNB1 pathogenic variants 

So far, around 30 different missense variants have been reported, with I80T being 

the most abundant and recurrent variant among patients (Revah-Politi et al., 2020). 

As the GNB1 gene is naturally highly intolerant to genetic variation in general population, 

the identification of multiple de novo missense mutations is remarkable. Moreover, the 

GNB1 protein is extremely well conserved among humans and other mammals, 
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demonstrating that as no mutations were selected during evolution, any arisen mutation 

could have structural impact (Da Silva et al., 2021). By the means of estimating the 

mutation rate in genes and then comparing it to the observed GNB1 mutation rate, GNB1 

is securely implicated as a genome-wide-significant disease-associated gene (Petrovski 

et al., 2016).  

The majority (88%) of the pathogenic missense variants identified so far are located 

in exons 6 and 7 of the GNB1 gene that encode the residues 76 – 118. These regions 

represent only 12.6% of the total GNB1 coding sequence, indicating the presence 

of a mutational hotspot. Encoding for majority of residues important for generating 

the interaction between Gα and Gβγ, exons 6 and 7 are implicated to be of particular 

importance, as mutations in these are likely to compromise proper binding of G protein 

subunits (Da Silva et al., 2021; Hemati et al., 2018). Notable GNB1 missense pathogenic 

variants are selected and briefly described in Table 2. A list of additional GNB1 pathogenic 

variants can be found in a Case Report published by Da Silva et al. in 2021. 

Table 2 – Notable GNB1 pathogenic missense variants. The table lists selected notable pathogenic 

missense variants of the GNB1 gene that are associated with neurodevelopmental delay. 
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1.5.1.1 I80T variant 

Being the most commonly reported variant identified in 20–25% of GNB1 

encephalopathy patients, the Gβ I80T missense mutation gains a lot of interest in the 

scientific community (Da Silva et al., 2021; Revah-Politi et al., 2020). Residue 80 is not 

located directly in the GIRK2–Gβγ binding interface, but lies in its close proximity 

(see Figure 4). Therefore, we aim to investigate how the I80T pathogenic variant impacts 

the structure and dynamics of Gβγ. The I80T variant carries a LoF missense point mutation, 

in which thymine is substituted with cytosine on the nucleotide position 239, resulting 

in the change of isoleucine into threonine of the amino acid on position 80. While 

isoleucine is a more hydrophobic residue due to the presence of an ethyl side chain, 

its interactions with surrounding residues are limited to hydrophobic contacts. On the other 

hand, threonine is more active due to its more hydrophilic nature and presence 

of an additional OH functional group that can function as a hydrogen bond acceptor 

(HBA) or hydrogen bond donor (HBD), and therefore interact with surrounding residues 

via hydrogen bonds (Petrovski et al., 2016; Reddy et al., 2021) (Figure 6). 

 

Figure 6 – Structure of isoleucine and threonine. The I80T pathogenic variant is characterized by the 

change of isoleucine into threonine on amino acid level. The change on an atomistic level is circled 

in blue. While isoleucine is a more hydrophobic residue due to its ethyl side chain, threonine is more 

hydrophilic, as it contains an additional OH functional group that acts as a HBA or HBD. 

1.5.1.1.1 Mechanisms of I80T mutation-induced changes in Gβγ action on GIRK2 

So far, information regarding functional changes on the molecular level caused 

by pathological GNB1 variants has been limited. The mechanism of mutation-induced 

changes in Gβγ action on GIRK2 including the I80T variant was first described by Reddy 

et al. in 2021. They found that mutations (GoF K78R, LoF I80N and LoF I80T) have 

an effect on the Gβγ regulation of GIRK2 channels while they also observed changes 

in protein expression levels (Reddy et al., 2021). 

In the past, loss of expression patterns was often observed in missense variants 

for a variety of proteins. For the I80N and I80T variants, partial loss of Gβγ expression has 

been shown. However, both the I80N/T variants failed to activate GIRK2 homomeric 
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channels even when the mutated Gβγ was overexpressed in comparison with wild-type (wt) 

Gβγ, indicating that the partial loss of expression is not a key factor. However, GIRK1/2 

heteromeric channels were activated by the I80N/T Gβγ variants in the same manner as with 

wt Gβγ, confirming that surface expression and functionality of I80N/T Gβγ is sufficient 

and suggesting a strong LoF effect towards GIRK2 homomers. Therefore, the LoF effect 

is GIRK-subunit specific. The changes in I80N/T Gβγ binding to the CTD of GIRK2 were 

mild, suggesting that diminished channel activation could also be due to deficiencies 

in gating (Reddy et al., 2021).  

The decrease of I80N/T Gβγ binding to GIRK2 channels suggests the importance 

of residue 80 in the interaction. However, as I80 is not part of the GIRK2-Gβγ interface, 

the question whether the mutation could allosterically affect GIRK2-Gβγ interplay arises 

(Reddy et al., 2021). It is important to test whether the I80T mutation influences 

the stability of Gβγ, and therefore the activation of GIRK2 allosterically. We propose that 

allosteric changes in the Gβγ subunit caused by the I80T mutation could prevent the 

activation of GIRK2.  

1.6 MD simulations 

Throughout the last decades, in silico methods and computer-aided drug design have 

come to the forefront of pharmaceutical research (Bassani & Moro, 2023). Due to the rapid 

advancement of computational power and recent breakthroughs in crystallographic 

methods, the impact of MD simulations has expanded dramatically, most notably in the 

fields of molecular biology and drug discovery (Hollingsworth & Dror, 2018). As protein 

structures are often not sufficient to predict the function and movement of complex 

molecular structures, MD simulations are a commonly used tool to investigate and predict 

the dynamical properties of molecules in full atomic detail and high resolution (De Vivo 

et al., 2016; Hollingsworth & Dror, 2018). 

1.6.1 Basic principles 

Based on the principles of physics, MD simulations predict the movement of every 

single atom in a protein over time with respect to interatomic interactions (Karplus 

& McCammon, 2002). Initial coordinates of the protein atoms can be obtained with 

experimental structural biology techniques, such as X-ray crystallography or cryo-electron 

microscopy. A mechanical force field is used to calculate potential energies and forces 
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acting upon all atoms of the system to predict the dynamics of the system. The trajectory 

of atoms specifying their positions and velocities is then obtained based on solving 

Newtonian equations of motion as a function of time, generating successive configurations 

of the moving system. Obtaining MD simulations is therefore an iterative process, in which 

predicted new positions of all atoms of the system are established, resulting in a substantial 

number of snapshots describing the evolvement of the system over the course of the 

simulation (Adcock & McCammon, 2006; De Vivo et al., 2016; Hollingsworth & Dror, 

2018). 

1.6.2 Advantages and limitations 

MD simulations are a powerful tool to gain detailed insights into molecular systems 

on an atomistic level, which is highly convenient for elucidating molecular mechanisms. 

In comparison with laboratory experimental techniques, MD simulations allow for a high 

control over the conditions of the experiment, and therefore the investigation of the 

behavior of molecules under a set of very specific conditions. Additionally, 

as MD simulations capture the positions of all atoms at every point in time, they allow 

for visualization of molecular behavior at the atomic level, which is difficult to achieve 

and replicate in the laboratory (Hollingsworth & Dror, 2018). With the advancement 

of graphical processing units and user-friendly software codes, MD simulations 

are becoming more accessible and affordable with a possibility to run simulations not only 

in the frame of nano and microseconds, but also milliseconds (De Vivo et al., 2016).  

However, the requirements for computational power are still high. This can limit the 

size of the simulated system, as well as the length of the simulation. Routinely performed 

MD simulations are normally on the microsecond time scale due to high computing times, 

often leading to insufficient sampling of conformational states. Furthermore, biological 

processes, such as ligand binding or large-scale conformational changes, might take too 

long to be observable in MD simulations. As the force field parameters used to obtain the 

trajectory are only approximations of the quantum-mechanical reality, the question 

of limitations to accuracy arises, and the results of MD simulations must ultimately 

be verified by laboratory experiments (Durrant & McCammon, 2011).  

MD simulations are a valuable tool to be used in combination with wet-lab 

experiments and despite their higher initial cost into computing hardware, simulations can 

lower resources on the long-run and provide for a faster, more efficient research 

(Hollingsworth & Dror, 2018). 
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1.6.3 Indication 

MD simulations have been proven to be valuable in elucidating molecular 

and functional mechanisms of biomolecules helping to uncover structural basis for disease 

pathophysiology, and are commonly used in the prediction of severity of disease-

associated mutations (Reddy et al., 2021). A trend particularly noticeable in neuroscience 

is that MD simulations are increasingly being used in experimental structural biology 

studies to help interpret experimental results and further guide experiments critical 

to neuronal signaling (Hollingsworth & Dror, 2018). Even though the accuracy of physical 

models underlying MD simulations is substantially increasing, it is important to keep 

in mind they are inherently approximations, uncertainty should be considered when 

analyzing simulations and the results should be further confirmed by the means of wet-lab 

experimental data (Hollingsworth & Dror, 2018; Reddy et al., 2021). 
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2 Objective 

The objective of the master thesis was to investigate structural changes of the Gβγ 

subunit caused by I80T LoF mutation associated with GNB1 encephalopathy. Since I80T 

has been shown to alter GIRK activation (Reddy et al., 2021), our findings of mutation-

associated structural changes of Gβγ could shed new insights into the complicated network 

of GIRK channel regulation by G protein and PIP2. We propose that the I80T mutation 

located in close proximity of the binding interface causes allosteric changes (stability, 

compactness, conformation, dynamics) of the Gβγ subunit which could prevent 

the activation of GIRK2 channels. To achieve the objective of this work, we took 

the following steps:  

• Conducted MD simulations of unbound wt and I80T mutant in solution 

to evaluate the effect of pathological variant on conformational flexibility 

of Gβγ.  

• Compared MD simulations of unbound wt Gβγ with previously conducted 

simulations of GIRK2 bound wt Gβγ to ensure structural uniformity of bound 

and unbound Gβγ.  

• Analyzed Gβγ trajectories and structural changes through calculations 

of selected descriptive parameters.  
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3 Materials and Methods 

3.1 Structure 

The starting structure of the GIRK2 Gβγ subunit for MD simulations was obtained 

from a crystal structure of the GIRK2 (Kir3.2) in complex with the Gβγ subunits (PDB 

accession #4KFM, resolution 3.45 Å) (Whorton & MacKinnon, 2013). For the wt and I80T 

simulations, the Gβγ subunit was remodeled and generated in SwissPDBViewer, missing 

side chain residues were added (Guex & Peitsch, 1997). For the simulations of GIRK2 

bound Gβγ, the full 4KFM structure was used; the simulations were provided by Theres 

Friesacher, BSc MSc. 

3.2 System preparation 

For the wt and I80T MD simulations, the solvated, electroneutral system was 

configured in the Solution Builder (formerly known as Solvator) provided by CHARMM-

GUI webserver (accessed April 27th, 2023) (Jo et al., 2008). A rectangular water box was 

selected, its size was fitted to protein size with an edge distance of 12 Å. The simulation 

box was solvated according to the TIP3P water model (Jorgensen et al., 1983) and the 

amber14sb force field was implemented (Lee et al., 2020). System was neutralized with 

K+ and Cl- ions that were placed using the Monte-Carlo method. Neutralization was 

followed by addition of KCl to reach a concentration of 0.15 mol/l (150 mM), temperature 

was set to 310 K at a neutral pH. The CHARMM-GUI Solution Builder was also used 

for the introduction of the I80T mutation on the Gβ chain (Jo et al., 2008). 

For the simulations of GIRK2 bound to Gβγ, PIP2 and Na+ embedded in a POPC 

bilayer in the presence of 10 R- or S- ethosuximide (ETX) molecules and an applied 

electric field of +10 or -10 mV, the simulation box was prepared using standard 

GROMACS modules (version 2021.5) (Abraham et al., 2015; www2) together with 

the amber99sb force field (Hornak et al., 2006). PIP2 parameters were obtained 

as described by my colleagues in their previous work (Lee et al., 2016). ETX parameters 

were generated using SwissParam (Zoete et al., 2011). The channel was placed in a lipid 

membrane using the inflate method (Kandt et al., 2007) with Berger lipid parameters 

(Berger et al., 1997).  
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3.3 Simulations  

To perform wt and I80T MD simulations, GROMACS software (version 2021.5) 

(Abraham et al., 2015; www2) was used. Input files for minimization, equilibration and 

production were provided by CHARMM-GUI (Jo et al., 2008). 

For all setups, respective to equilibration and production, time step for all 

simulations was set to 2 fs, the leap-frog integrator was implemented to solve the equations 

of motion and the LINCS algorithm was used to constrain protein bonds (Hess et al., 1997). 

The particle mesh Ewald method was used for calculations of long-range electrostatic 

interactions at each step while short-range electrostatic interactions and van der Waals 

cutoff of 1 nm was used (Darden et al., 1993). 

3.3.1 Energy minimization 

To ensure an appropriate, stabilized geometry and avoid steric clashes, the structure 

was relaxed through the steepest descent energy minimization, where the Verlet algorithm 

was used and protein atoms were restrained with a force constant of 1 000 kJ/mol/nm 

to their starting positions. The long-range electrostatic interactions were treated with 

cutoff, for short-range electrostatic interactions and van der Waals cutoff of 1.2 nm was 

used.  

3.3.2 NVT equilibration 

To equilibrate the ions and solvent around the protein, equilibration steps were 

implemented. The NVT (constant number of particles, volume and temperature) 

equilibration run was performed for 1 ns. Temperature was coupled via the V-rescale 

thermostat to 310 K (Bussi et al., 2007) and a coupling constant of 0.1 ps. Initial velocities 

were assigned and selected from the Maxwell-Boltzmann distribution at 310 K.  

3.3.3 NPT equilibration 

The NPT (constant number of particles, pressure and temperature) equilibration run 

was performed for 5 ns. Temperature was coupled via the Nose-Hoover thermostat 

to 310 K (Evans & Holian, 1985) and a coupling constant of 0.5 ps. For pressure coupling,  

the C-rescale barostat was used with a 1 bar reference pressure with isotropic scaling 

and a constant of 5 ps.  
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3.3.4 Production run 

A 500 ns free MD simulation run was performed 3 times for each, the wt and I80T 

Gβγ subunit. For the simulations of GIRK2 bound Gβγ, an electric field of +/-10mV/nm was 

applied. Temperature was coupled via the Nose-Hoover thermostat to 310 K (Evans 

& Holian, 1985) and a coupling constant of 0.5 ps. For pressure coupling, the Parrinello-

Rahman barostat was used with a 1 bar reference pressure with isotropic scaling (Parrinello 

& Rahman, 1981) and a constant of 5 ps.  

3.4 Analysis 

Upon production runs completion, the GROMACS trjconv module (Abraham et al., 

2015; www2) was used to process the trajectory to account for periodicity in the system. 

The structure was centered by the Gβ chain in order for all atoms to remain within the box. 

Protein was then visualized using VMD (Humphrey et al., 1996) and PyMOL 

(Schrödinger, 2010). LigandScout (Wolber & Langer, 2005) was used for the visualization 

of isoleucine and threonine. For the GIRK2 bound Gβγ, the Gβγ subunits were extracted 

from the simulations for analysis.  

3.4.1 Evaluation of thermodynamic properties 

The GROMACS energy module (Abraham et al., 2015; www2) was used to extract 

thermodynamic properties (potential energy, temperature, pressure, density) from 

the system preparation and simulations for analysis. For visualization of data, the 

XMGRACE plotting tool (version 5.1.25) (Turner, 2005) was used.  

3.4.2 Evaluation of trajectory and structural changes 

The GROMACS modules hbond, sasa, gyrate, rms, and rmsf (Abraham et al., 

2015; www2) were used to analyze hydrogen bonds and calculate the solvent accessible 

surface area (SASA), radius of gyration, root mean square deviation (RMSD), and root 

mean square fluctuation (RMSF), respectively, to analyze trajectory and structural changes 

of Gβγ. To visualize the data, XMGRACE plotting tool (version 5.1.25) (Turner, 2005) was 

used. A python script was created to obtain average values for hydrogen bond analysis, 

SASA, radius of gyration, and RMSD. Hydrogen bond occupancy analysis was calculated 

in VMD (Humphrey et al., 1996). The figures displaying average RMSF values were 

plotted in Microsoft Excel for Mac Version 16.73 (2023). 
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4 Results 

In order to investigate the structural effect of pathological variant I80T on Gβγ, 

we conducted MD simulations with wt and I80T Gβγ complex unbound in water. 

To compare the dynamics of unbound wt Gβγ to GIRK2-bound Gβγ, we analyzed MD 

simulations of GIRK2 bound to Gβγ, PIP2 and Na+ embedded in a lipid bilayer in the 

presence of 10 R- or S- ETX molecules and an electric field of +10 or -10 mV was applied 

(PDB: 4KFM); these simulations were provided by my colleague Theres Friesacher, BSc 

MSc. An overview of structures and conditions used for analyzed MD simulations 

is provided in Table 3. In this work, data will be further referred to as stated in the first 

and last column.  

Table 3 – Summary of structures used in MD simulations for analysis. For increased clarification, 

the table shows a number of MD runs performed (in the case of ETX structures, the number of Gβγ subunits 

per 1 MD run), length of single MD runs along with a description of the structures and how they are further 

referred to as in this work. 

 

4.1 Evaluation of thermodynamic properties 

 Prior to conducting free runs of unbound Gβγ MD simulations, we ensured 

the system has appropriate geometry and the structure is relaxed through the processes 

of energy minimization and equilibration. Plots of thermodynamic properties 

demonstrating proper equilibration of the system are shown in Figure S1 (Supplementary). 

4.2 Evaluation of trajectory and structural changes 

The I80T mutation results in the presence of additional hydrogen bonds between the 

side chain of Thr80 and surrounding residues from the Gβγ dimer compared to wt protein. 
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However, we do not see an effect of these interactions on stability, conformation 

and dynamics of Gβγ. Figure 7 presents the aligned structures of unbound wt and I80T Gβγ, 

and GIRK2-bound Gβγ at 500 ns. No major difference between the structures could 

be observed. For increased clarity and comparability, data in the Results section 

is described by the means of average values, and the un-averaged data for all parameters 

and specific MD runs is summarized in Table S1 (Supplementary). 

 

Figure 7 – Aligned structures of Gβγ from conducted MD simulations (PDB: 4KFM). Wt Gβγ is shown 

in grey, I80T Gβγ is show in purple, and GIRK2-bound ETS +10 mV Gβγ is shown in yellow. Residues located 

at the GIRK2-Gβγ binding interface are highlighted. Snapshots represent the simulation end states 

at 500 ns.  

4.2.1 Hydrogen bond analysis 

Since hydrogen bonds stabilize secondary structures of proteins and protein-ligand 

complexes, hydrogen bond analysis in terms of their number or duration plays a key role 

in evaluating MD simulations. We found that the side chain of Thr80 in the I80T Gβγ can 

form additional hydrogen bonds compared to wt Gβγ. The average number of hydrogen 

bonds formed between the Thr80 side chain of I80T Gβ and its surrounding residues 

is below 1 for all of the runs, indicating a low occurrence of this interaction (Table 4).  

Lys78

Leu55

Trp99

Gln75

Ser98
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Table 4 – Average number of hydrogen bonds formed between the side chain of Thr80 

and surrounding residues in I80T Gβγ. The table displays averages of data from all timeframes of 3 MD 

runs, each with a length of 500 ns. 

 

Hydrogen bonds that hold the β sheet together are not influenced by the I80T 

pathogenic variant. A closer analysis of hydrogen bond occupancy performed in VMD 

(Table 5) revealed that 3 interactions between the backbone of Ile80/Thr80 and backbone 

or side chain of Ser72 (bond #1, #2, #3 for wt and #1, #2 and #8 for I80T) are equally 

present among the wt and I80T Gβγ, indicating no influence of the mutation 

on the conformation of β sheet (Figure 8). 

Table 5 – Occupancy of hydrogen bonds formed between Ile80/Thr80 and selected residues 

in wt/I80T Gβγ in solution. Hydrogen bonds are numbered based on highest average occupancy. 

Hydrogen bonds highlighted in blue hold the β sheet together and are not influenced by the I80T 

mutation. Residue Lys78 that is localized in the Gβγ-GIRK2 binding interface is highlighted in bold. 
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Figure 8 – Hydrogen bonds between Ser72 and Ile80/Thr80 (PDB: 4KFM). These interactions hold 

the β sheet together and are not influenced by the I80T pathogenic mutation. a) wt Gβγ is represented 

in grey and b) I80T Gβγ is shown in purple. For reference regarding bond numbering, see Table 5 above. 

Table 5 demonstrates that the side chain of Thr80 in the I80T mutant can make 

8 additional interactions with surrounding residues of Gβ compared to the wt bearing Ile80. 

This is because the hydroxy group of threonine side chain can act as both, hydrogen bond 

donor and acceptor (Figure 6). Occurrence of these interactions ranges from 0.01% 

to 11.46% among 3 MD runs. The residues of Gβ interacting with Thr80 are highlighted 

in Figure 9a, along with the more occurring hydrogen bonds shown as well. Apart from 

the interaction with Ser72, the most common interaction was between Thr80 side chain 

and His54 side chain (bond #3) with an occupancy of 11.46% (Figure 9b) followed by 

bond #4 with an occupancy of 3.12% between Thr80 side chain and backbone of Leu79 

(Figure 9c). As Lys78 is located in the Gβγ-GIRK2 binding interface, bond #5 and #9, 

despite their low occupancy, could be of relevance (Figure 9c and d). 

 

Ser72

Thr80

Ser72

Ile80

1
1

22

a) b)
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Figure 9 – Selected hydrogen bond interactions between Thr80 and surrounding residues in the 

I80T pathological variant (PDB: 4KFM). I80T Gβγ is represented in purple. Bonds #1 and #2 between 

Thr80 (teal) and Ser72 (green) hold the β sheet together. a) All I80T Gβ residues that Thr80 interacts with 

are highlighted. Among these, Lys78 (yellow) is also a part of the GIRK2-Gβγ binding interface. 

b) Interaction #3 between donor Thr80 side chain (teal) and acceptor His54 side chain (magenta). 

c) Interaction #4 between donor Thr80 side chain (teal) and acceptor Leu79 backbone (raspberry). 

In interaction #9, Thr80 side chain (teal) acts as an acceptor, the donor is side chain Lys78 (yellow) 

located at the GIRK2-Gβγ binding interface. d) Interaction #5 between donor Thr80 side chain (teal) 

and acceptor Lys78 backbone (yellow) located at the GIRK2-Gβγ binding interface. 

Stability of Gβγ dimer formation can be evaluated by analyzing the formation 

of hydrogen bonds between Gβ and Gγ. Shown in Figure 10, hydrogen bond formation 

between Gβ and Gγ stably fluctuates in the range of 10 to 30 bonds throughout 

the 500 ns course of MD simulations for unbound wt and I80T Gβγ and GIRK2-bound 

wt Gβγ.  
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Figure 10 – Number of hydrogen bonds formed between Gβ and Gγ throughout simulations. 

Hydrogen bonds for pairs within 0.35 nm are displayed. Hydrogen bonds between Gβ and Gγ of unbound 

dimer for 3 MD runs, each 500 ns long, are shown in a) wt Gβγ and b) I80T Gβγ. Data for GIRK2-bound 

Gβγ is shown in c) and d) where data from ETR simulations is represented as an example, as the data 

for ETS simulations follows the same trend. Data from ETS simulations is shown in Figure 

S2 (Supplementary). 

The average number of hydrogen bonds between Gβ and Gγ monomers 

was calculated, ranging from 18.19 to 19.80 in all of the simulated structures (Table 6). 

Our data indicates that dimer formation is equally stable for the wt, I80T mutated, unbound 

and GIRK2-bound Gβγ. 

Table 6 – Average number of hydrogen bonds formed between Gβ and Gγ per timeframe. The table 

displays averages of data from all timeframes of 3 MD runs unbound Gβγ (shown in pink) and 4 GIRK2-

bound Gβγ subunits (shown in grey). Full, un-averaged data is shown in Table S1. 
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4.2.2 SASA analysis 

SASA is a measure of the protein surface area that is accessible to molecules 

of solvent. It is an essential decisive factor to assess protein folding and stability, 

and therefore key for evaluation of structural differences in MD simulations. We found 

that SASA for wt Gβγ, I80T Gβγ and ETX Gβγ does not differ in nature. Throughout 

the course of simulations for all Gβγ structures, SASA fluctuates between 170 and 190 nm 

in comparable trends (Figure 11).  

 

Figure 11 – Solvent accessible surface area of Gβγ throughout simulations. SASA in nm2 of unbound 

Gβγ is shown for a) wt Gβγ and b) I80T Gβγ. Data for GIRK2-bound Gβγ is represented in c) and d) where data 

from ETR simulations is shown as an example, as the data for ETS simulations follows the same trend. 

Data from ETS simulations is shown in Figure S3 (Supplementary). 

As SASA fluctuations in all simulations are stable, average values were also 

calculated and are in the range of 177.10 to 184.11 nm2, with only a small difference 

in values observed, indicating no effect of the I80T mutation on folding and stability of Gβγ 

(Table 7).  
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Table 7 – Average SASA (in nm2) of Gβγ per timeframe. The table displays averages of data from 

all timeframes of 3 MD runs unbound Gβγ (shown in pink) and 4 GIRK2-bound Gβγ subunits (shown in grey). 

Full, un-averaged data is shown in Table S1. 

 

4.2.3 Radius of gyration analysis 

Radius of gyration measures compactness of a simulated protein. We found that Gβγ 

radius of gyration maintains relatively steady values around 2.15 to 2.20 nm for all 

simulated Gβγ structures, indicating the protein is compact and stably folded 

in all simulations. As no considerable change in radius of gyration is observed, Gβγ does 

not unfold during our 500 ns long MD simulations and there are no differences among 

wt and mutated variants (Figure 12).  

 

Figure 12 – Radius of gyration for Gβγ throughout simulations. Radius of gyration in nm of unbound 

Gβγ is shown for a) wt Gβγ and b) I80T Gβγ. Data for GIRK2-bound Gβγ is represented in c) and d) where data 

from ETR simulations is shown as an example, as the data for ETS simulations follows the same trend. 

Data from ETS simulations is shown in Figure S4 (Supplementary). 
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Average values for Gβγ radius of gyration in all MD simulations were also calculated 

to demonstrate data comparability. Radius of gyration on average ranges from 2.166 

to 2.182 nm, indicating no difference between unbound, bound, wt and I80T Gβγ (Table 

8).  

Table 8 – Average radius of gyration (in nm) of Gβγ per timeframe. The table displays averages of data 

from all timeframes of 3 MD runs unbound Gβγ (shown in pink) and 4 GIRK2-bound Gβγ subunits (shown 

in grey). Full, un-averaged data is shown in Table S1. 

 

4.2.4 RMSD analysis 

RMSD is a measure of how much does the structure of simulated protein deviate 

from a reference geometry over the course of MD simulation. It is an essential analysis 

feature to compare how much the system changes or evolves compared to the starting 

structure. We calculated RMSD for both, protein backbone and full protein (backbone and 

side chains), compared to the minimized equilibrated structure, and found RMSD does not 

differ between wt Gβγ, I80T Gβγ and ETX Gβγ. Throughout simulations, RMSD followed 

a steady trend fluctuating between 0.1 to 0.35 nm (protein backbone) or between 0.15 to 

0.4 nm (full protein) with no important spikes presenting on the plots, indicating the 

structure is stable and no major conformational changes were present. Plots for RMSD 

backbone are shown in Figure 13 and plots for RMSD protein are included in Figure 

S6 (Supplementary) due to high data comparability.  
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Figure 13 – RMSD of Gβγ backbone after 1sq fit to backbone throughout simulations. RMSD in nm 

is shown relative to the structure of the minimized, equilibrated system. RMSD of unbound Gβγ is shown 

for a) wt Gβγ and b) I80T Gβγ. Data for GIRK2-bound Gβγ is represented in c) and d) where data from ETR 

simulations is shown as an example, as the data for ETS simulations follows the same trend. Data from 

ETS simulations is shown in Figure S5 (Supplementary). 

Average values of RMSD were calculated to range from 0.184 to 0.229 nm for 

backbone RMSD and 0.245 to 0.296 nm for full protein RMSD (backbone + side chain). 

Higher RMSD values for full protein were expected, as greater movement of residue side 

chains is natural. Even though the highest RMSD values for both backbone and full protein 

are observed in the I80T mutant, the difference compared to wt Gβγ is subtle, indicating all 

simulated structures deviate from the reference geometry (minimized equilibrated system) 

to the same and limited extent (Table 9). 

Table 9 – Average RMSD values (in nm) of Gβγ per timeframe. The table displays averages of data from 

all timeframes of 3 MD runs unbound Gβγ (shown in pink) and 4 GIRK2-bound Gβγ subunits (shown in grey). 

Full, un-averaged data is shown in Table S1. 
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4.2.5 RMSF analysis 

RMSF measures the fluctuation of atoms or residues during the simulation to identify 

the most mobile regions of the structure. It is a key parameter to identify residues that are 

flexible even after the structure has stabilized. We calculated RMSF for Gβ and Gγ 

separately compared to the minimized, equilibrated structures and found no relevant 

differences in RMSF values of important residues. 

4.2.5.1 Gβ RMSF analysis 

We found that Gβ RMSF values for Thr80 in the I80T Gβγ mutant do not differ 

compared to Ile80 in the wt Gβγ variant. The average RMSF protein value for wt Ile80 was 

0.076 nm and 0.082 nm for I80T Thr80. The side chain RMSF was calculated 0.089 nm 

for wt and 0.099 for I80T Gβγ, indicating the residue 80 is fixed in both variants 

and the mutation has no effect on structural dynamics (Table 10).  

Table 10 – RMSF values for Ile80 and Thr80 in the wt and I80T Gβγ variants. RMSF values are shown 

for full protein (backbone+side chain) and for side chain only. Each MD run was 500 ns long.  

 

Gβ RMSF values do not differ between wt Gβγ, I80T Gβγ and ETX Gβγ structures. 

In all simulations for majority of the residues, RMSF steadily fluctuated around the 0.1 

to 0.2 nm range, not deviating much from their average position. A few spikes reaching 

to ~ 0.6 nm observed in Figure 14 and Figures S7 and S9 (Supplementary) indicate higher 

divergence and mobility of some residues from their average position, however, the trend 

is the same for all structures, indicating no I80T related influence. These residues are also 

not located in the GIRK2-Gβγ binding interface, nor interact with Thr80.  
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Figure 14 – RMSF of Gβ protein throughout simulations. RMSF in nm is shown relative to the structure 

of the minimized, equilibrated system as the square root of variance of fluctuation around the average 

position. RMSF of unbound Gβ is shown for a) wt Gβγ and b) I80T Gβγ. Data for GIRK2-bound 

Gβ is represented in c) and d) where data from ETR simulations is shown as an example, as the data for 

ETS simulations follows the same trend. Data from ETS simulations is shown in Figure S7 

(Supplementary). 

Average RMSF values were calculated for selected residues located either in the 

GIRK2-Gβγ binding interface, or forming hydrogen bonds with Thr80 in the I80T mutant. 

Highest RMSF values were calculated for Trp99 reaching 0.272 nm supporting that these 

residues are rather rigid during simulations. Similarly, no greater RMSF differences 

are observed between the wt, I80T and ETX structures indicating no influence of the I80T 

mutation on Gβγ dynamics (Table 11). 

 

 

 

 

 

 



 38 

Table 11 – Average RMSF values for selected residues of wt, I80T and ETX Gβγ. The data displays 

average values for 3 MD runs for unbound Gβγ and for 4 Gβγ subunits per 1 MD run of GIRK2-bound Gβγ, all 

simulations were 500 ns long. Residues from GIRK2-Gβγ binding interface and forming hydrogen bonds 

with Thr80 in GIRK2-Gβγ were selected. RMSF values are shown for full protein (backbone+side chain) 

for all structures and for Gβγ in solution, RMSF side chain is also shown. Color code of residues 

is respective to structural figures.  

 

4.2.5.2 Gγ RMSF analysis 

While there was no difference in the RMSF trend between the unbound wt and I80T 

Gβγ structures, we found differences in Gγ RMSF values between the unbound Gβγ and 

GIRK2-bound Gβγ structures. Shown in Figure 15 and Figures S8 and S9 (Supplementary), 

RMSF for residues ~ 15 to 60 steadily fluctuated around the 0.1 to 0.3 nm range 

in all simulations, residues not deviating from their average position, as no spikes that 

would indicate higher residue mobility are observed. However, Gγ N-terminal residues 

of the GIRK2-bound ETX structures fluctuate considerably more compared to residues 

of unbound Gβγ structures, reaching ~ 0.7 nm compared to ~ 0.25 nm. Opposingly,  

Gγ C-terminal residues showed more fluctuations in the unbound Gβγ structures reaching 

~ 0.7 nm, compared to ~ 0.5 nm observed in GIRK2-bound ETX structures. This indicates 

that while there is no observed effect of the I80T mutation on RMSD, binding of Gβγ 

to GIRK2 could evoke additional allosteric changes in the Gγ subunit, GIRK2 channel 

or both. 
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Figure 15 – RMSF of Gγ protein throughout simulations. RMSF in nm is shown relative to the structure 

of the minimized, equilibrated system as the square root of variance of fluctuation around the average 

position. RMSF of unbound Gγ is shown for a) wt Gβγ and b) I80T Gβγ. Data for GIRK2-bound 

Gγ is represented in c) and d) where data from ETR simulations is shown as an example, as the data for 

ETS simulations follows the same trend. Data from ETS simulations is shown in Figure 

S8 (Supplementary). 
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5 Discussion 

GNB1 encephalopathy is a genetically determined neurodevelopmental syndrome, 

where the LoF I80T pathological variant is the most abundant among patients (Revah-

Politi et al., 2020). As the GNB1 gene is highly intolerant to genetic variation, disruptions 

in protein structure caused by mutations can result in profound changes in its function 

(Da Silva et al., 2021; Petrovski et al., 2016). However, information on the functional 

changes at the molecular level caused by GNB1 pathogenic variants has been limited so far. 

The I80T mutation-induced changes in Gβγ were first studied by Reddy et al. in 2021 who 

suggest a strong LoF effect towards GIRK2 homomeric assemblies (Reddy et al., 2021). 

Our study investigated structural changes of the Gβγ subunit caused by the mutation I80T, 

as allosteric changes could prevent further downstream GIRK2 activation. 

It was hypothesized that a potential link between the I80T variant pathology could 

be on the level of Gβγ dimer formation, as GNB1 encephalopathy-causing LoF variants 

G64V and A106T have previously been shown to influence the stability of Gβγ dimer 

(Lohmann et al., 2017). Our data indicates that the wt and I80T Gβγ dimer formation 

is stable (Figure 10), and that the effect of the mutation on the stability of the dimer 

in solution is limited on the 500 ns time scale that was simulated. These findings 

are supported by experimental data where the formation of Gβγ dimers was assessed using 

bimolecular fluorescence complementation in HEK cells. Not only the I80T Gβ mutant, 

but also K78R and I80N variants were shown to form dimers with Gγ similarly to the wt 

protein. Additionally, GPCR-induced activation of G protein trimers was assessed using 

a BRET Gβγ release assay, where all three mutants showed a dopamine-induced response 

similar to wt protein, suggesting there is no significant effect of these mutations on the Gαβγ 

trimer association nor dissociation of Gβγ from Gα (Reddy et al., 2021). As conducted MD 

simulations also revealed that the I80T variant has no influence on SASA, radius 

of gyration and RMSD, and therefore no effect on folding, stability and dynamics of Gβγ, 

it is likely that the structural effect of I80T is further downstream in the cascade.   

We show that the hydrogen bond pattern differs between the wt and I80T Gβγ. 

Compared to isoleucine that is hydrophobic in nature, threonine can form additional 

hydrogen bonds with surrounding residues. This is a new quality that could affect the 

behavior of the protein. We analyzed the hydrogen bonds of Thr80 to investigate the effect 

of the mutation on its surroundings. Even though interactions are present, low occurrence 

and variations in their occurrence among different MD runs indicate that stability of these 
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bonds on Gβγ structure is minimal on our time scale of 500 ns. However, as conformational 

changes of proteins are naturally lengthier processes, the observed hydrogen bond pattern 

could have an effect on the structure or behavior of Gβγ on longer time scales of MD 

simulations that can be investigated in future studies.  

Analysis of Gγ RMSF suggests that while there is no visible effect of the I80T 

mutation on Gβγ structure, the Gγ termini behave differently depending on whether Gβγ 

is unbound or GIRK2-bound. This indicates an additional allosteric effect where dimer 

binding to GIRK2 influences Gγ behavior, despite Gγ not being a part of the GIRK2-Gβγ 

binding interface. Therefore, a mutation not located directly in the binding interface could 

influence the interface allosterically. To an extent, this is supported by experimental data, 

where direct binding of Gβγ to the CTD of GIRK2 was measured using in vitro pulldown 

assays. The binding of LoF variants I80N/T to the cytosolic domain of GIRK2 was reduced 

only by 25–30% compared to wt Gβγ. However, it is not yet known whether the GIRK2 

CTD folds and tetramerizes properly in solution, and whether the absence of TMD 

influences GIRK2-Gβγ affinity (Reddy et al., 2021). As the binding of I80T Gβγ to GIRK2 

is reduced only in moderation, Reddy et al. suggest that the mutated Gβγ induces additional 

allosteric conformational changes of GIRK2 that could cause deficiencies in channel 

gating. This proposes a plausible explanation that further needs to be tested in MD 

simulations containing the mutated Gβγ and full GIRK2 tetrameric channel.  

The C-terminus of Gγ ensures membrane attachment of the complex through 

the geranylgeranyl lipid tail. Studying GIRK2 activation in planar bilayer experiments 

in the presence of PIP2 and prenylated or unprenylated Gβγ, prenylation of Gγ C-terminus 

has been shown to alter GIRK2 activation behavior (Wang et al., 2014). While Gβγ subunits 

deprived of the Gγ C-terminal geranylgeranyl tail did not cause robust opening of the 

channels, the addition of geranylgeranylated Gβγ subunits to the same membrane resulted 

in large currents and robust GIRK2 channel opening. These results indicate that 

the geranylgeranyl lipid anchor is likely to be required for the maintenance of sufficient 

Gβγ concentrations to activate GIRK2 channels (Wang et al., 2014). However,  

the Gγ C-terminus in the 4KFM structure used in our MD simulations is unprenylated 

(Whorton & MacKinnon, 2013), and it is possible that the lipid anchor has additional 

influences. Therefore, further MD simulations containing prenylated Gγ C-terminus 

are required to assess the influence of geranylgeranyl lipid tail on the GIRK2-Gβγ structure. 

Overall, the results of our experiment indicate that the GNB1 encephalopathy 

causing mutation I80T does not influence the stability, conformation, folding, 
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compactness, and dynamics of Gβγ in solution. We propose that the observed LoF effect of 

the I80T pathological variant results from allosteric changes that arise upon interaction of 

mutated Gβγ with GIRK2. However, further MD simulation studies are required 

to establish the mechanisms of I80T allosteric regulation of GIRK2 channels. These 

are indicated to be performed on microsecond time scales, the structure shall contain the 

full complex of GIRK2-Gβγ, and the C-terminus of Gγ is recommended to be prenylated.  
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6 Conclusion 

GIRK2 are inwardly rectifying ion channels responsible for the maintenance of the 

resting membrane potential. They are regulated by Gβγ, PIP2 and Na+ that act through 

a complex allosteric network to induce conformational changes of the channel and its gates 

to allow passage of K+ ions. Mutations are known to be the leading cause of GIRK2 

channelopathies. GNB1 encephalopathy is a heterogeneous neurodevelopmental syndrome 

caused by multiple mutations of the GNB1 gene encoding for the Gβ subunit, with the LoF 

I80T pathogenic variant being the most abundant among patients, causing excessive 

neuronal firing and seizures.  

The focus of this study was to investigate how the I80T pathogenic variant impacts 

structure and dynamics of the Gβγ subunit. Using MD simulations with the amber14sb force 

field, we were able to predict conformational and dynamical properties of the wt and 

mutant Gβγ. By analysis of MD simulation runs, we determined that the I80T variant does 

not impact the structure, conformation or dynamics of the Gβγ dimer. We propose that 

the mutation exerts its pathological effect further downstream in the cascade by inducing 

allosteric changes upon interaction of Gβγ with GIRK2 tetramers. 

This study highlights that MD simulations are a valuable tool to be used 

for investigation of disease-associated mutations. However, the design of the experiment 

with the initial goal to limit computational power underlined the need to conduct further 

MD simulations of bigger systems that require greater computational power. In order 

to unravel the allosteric effect of I80T Gβγ on GIRK2, we suggest to carry out MD 

simulations containing full complex of mutated Gβγ bound to GIRK2 on microsecond time 

scales, and ensure that the Gγ C-terminus is prenylated. Elucidation of mutation-associated 

structural changes could help to understand pathological mechanisms and lead 

to an improvement of disease management and potential treatment options.  
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Supplementary 

 

Figure S1 – Thermodynamic properties of system equilibration prior to MD simulation free runs. 

Data for wt Gβγ is shown in turquoise and data for I80T Gβγ is shown in pink. a) Energy minimization. 

Appropriate geometry without steric clashes and local minimum of energy was ensured, demonstrated 

by a steady convergence of potential energy in the plot. b) Temperature. Physiological temperature 

of the system was reached and stabilized by the NVT equilibration step. As seen from the plot, 

temperature reached its stable target plateau value at 310 K, small fluctuations are allowed. c) Pressure. 

Pressure was stabilized during the NPT equilibration step. It is natural for pressure to fluctuate to this 

extent during simulations of aqueous solutions. d) Density. As with the pressure, density was stabilized 

with NPT equilibration. Average values of density were stable and close to the experimental value of 1000 

kg/m3, indicating proper equilibration of the system ready for MD simulations. 
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Table S1 – Summary of selected descriptive parameters to assess structural and trajectory changes 

of wt Gβγ, I80T Gβγ and ETX Gβγ. Following parameters are shown: number of hydrogen bonds formed 

between Gβ and Gγ, SASA, radius of gyration, and RMSD values for backbone and protein of Gβγ. The table 

displays data from all timeframes of 3 MD runs unbound Gβγ (shown in pink) and 4 GIRK2-bound Gβγ 

subunits (shown in grey). Average values are also show in separate tables in the Results section.  
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Figure S2 – Number of hydrogen bonds formed between Gβ and Gγ throughout simulations (ETS). 

Hydrogen bonds for pairs within 0.35 nm are displayed for 4 Gβγ subunits per 1 500 ns long MD run. Bonds 

between Gβ and Gγ of GIRK2-bound Gβγ are shown in a) ETS +10 mV and b) ETS -10 mV. 

 

Figure S3 – Solvent accessible surface area of Gβγ throughout simulations (ETS). SASA in nm2 

is displayed for 4 Gβγ subunits per 1 500 ns long MD run. Data for GIRK2-bound Gβγ is shown for a) ETS +10 

mV and b) ETS -10 mV. 

 

Figure S4 – Radius of gyration for Gβγ throughout simulations (ETS). Radius of gyration in nm is shown 

for 4 Gβγ subunits per 1 500 ns long MD run of GIRK2-bound Gβγ in a) ETS +10 mV and b) ETS -10 mV. 
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Figure S5 – RMSD of Gβγ backbone after 1sq fit to backbone throughout simulations (ETS). RMSD 

in nm is shown relative to the structure of the minimized, equilibrated system. RMSD is shown for 4 Gβγ 

subunits per 1 500 ns long MD run of GIRK2-bound Gβγ in a) ETS +10 mV and b) ETS -10 mV. 
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Figure S6 – RMSD of Gβγ protein after 1sq fit to protein throughout simulations. RMSD in nm is shown 

relative to the structure of the minimized, equilibrated system. RMSD of unbound Gβγ is shown for a) wt 

Gβγ and b) I80T Gβγ. Data for GIRK2-bound Gβγ is represented in c) and d) where data from ETR simulations 

is shown, and in e) and f) where ETS data is displayed.  
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Figure S7 – RMSF of Gβ protein throughout simulations (ETS). RMSF in nm is shown relative to the 

structure of the minimized, equilibrated system as the square root of variance of fluctuation around 

the average position. RMSF is shown for 4 Gβγ subunits per 1 500 ns long MD run of GIRK2-bound Gβγ 

in a) ETS +10 mV and b) ETS -10 mV. 

 

Figure S8 – RMSF of Gγ protein throughout simulations (ETS). RMSF in nm is shown relative to the 

structure of the minimized, equilibrated system as the square root of variance of fluctuation around 

the average position. RMSF is shown for 4 Gβγ subunits per 1 500 ns long MD run of GIRK2-bound Gβγ 

in a) ETS +10 mV and b) ETS -10 mV. 
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Figure S9 – RMSF of Gβ and Gγ side chain for wt and I80T structures throughout simulations. RMSF 

in nm is shown relative to the structure of the minimized, equilibrated system as the square root 

of variance of fluctuation around the average position. Side chain RMSF values of unbound Gβ are shown 

for a) wt Gβγ and b) I80T Gβγ and of unbound Gγ for c) wt Gβγ and d) I80T Gβγ.  

 

 

 

 

 


