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Abstract: GABAAR is one of the most significant drug targets in the treatment of neuropsychiatric 

disorders such as epilepsy, insomnia, anxiety, as well as anesthesia in surgical operations. However, 

complete information on the regulation of GABAA receptor activity is lacking. Therefore, studies are 

needed on post-translational modifications of receptor subunits that exhibit different pharmacological 

and physiological properties. GABAAR has been immunopurified from rat brain membranes on protein 

A agarose beads immobilized with complex anti-GABAAR antibody. Primary structure and post-

translational modifications of the α1 subunit of GABAAR have been characterized by nano-LC-FTMS 

peptide mapping by direct in situ–gel digestion on the one-dimensional gel. The primary structure of 

the α1 subunit of GABAAR has been identified with high sequence coverage (81%, 371 from 455 amino 

acids). The extracellular domains, N-terminal and the C-terminus, have been identified with extensive 

sequence coverage, 85 and 100 % (214 from 249 amino acids), respectively. Other soluble domains, 

including the M1-M2 linker, and the M3-M4 linker, have also been determined with 100 and 85 % (75 

from 88 amino acids), respectively. Transmembrane domains, including M1, M2, and M4, were 

identified almost completely. Post-translational modifications of the α1 subunit peptides have been 

found, such as phosphorylation, methionine oxidation, and carbamidomethylation. 

Keywords: nano-LC-FTMS mass-spectrometry; sequence coverage; α1 subunit of GABAAR; post-

translational modifications. 
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1. Introduction 

The GABAAR, γ-aminobutyric acid receptor, is the major neurotransmitter inhibitor in 

the central nervous system (CNS) in the vertebrate brain. It belongs to a family of ligand-gated 

ion channels consisting of hetero oligomeric glycoprotein complexes in synaptic and extra-

synaptic membranes [1-3]. 

Previously, GABAAR was isolated and purified by affinity chromatography from the 

brain of bovines, pigs, chickens, and rats [4-7]. The composition of the GABAAR subunits was 

examined by SDS-PAGE electrophoresis, and the results showed protein localization at 51-56 

kDa. The identified 51 and 53 kDa proteins migrated together with the products of the 1 and 

2 genes, shown using the Western blot method with subunit-specific antibodies [8,9]. 

Molecular biological studies have identified a large family of homologous GabR subunits 
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(named , ,  and ) and subunit isoforms (1-6, 1-4 and 1-4), each of which is encoded 

by a separate GabR gene [10,11]. Using the partial purified GABAAR, cDNA encoding the 

bovine 1, 2, 3, 4, 5 and 6 subunits of the GABAAR has been isolated [12-14]. It has been 

shown that long mature protein contains an exceptionally long intracellular domain [14]. Later, 

human GABAAR 2 and 3 cDNAs were cloned and sequenced [14,15]. Their deduced amino 

acid sequences showed much sequence identity with the published bovine sequences (98.2 % 

and 97.0 % for 2 and 3, respectively). It was shown that there is a significant similarity 

between the deduced amino acid sequences of all α subunits, especially in the predicted four 

transmembrane regions of the molecules [16,17]. Thus, GABAAR has been shown to contain 

many different isoforms of the α-subunits; they have a similar amino acid sequence but are 

likely to have a number of post-translational modifications that are important in regulating their 

activity. Such a huge variety of GABAAR subunit isoforms can be explained by different 

molecular mechanisms of regulation. It should be noted that the cloned sequence of the 

GABAAR gives the complete amino acid sequence but does not allow the identification of post-

translational modifications of subunit isoforms. At the same time, characterization of post-

translational modifications is important and necessary for understanding cell signal 

transduction in the CNS and the molecular mechanism of regulating GABAAR activity. It is 

now known that mass spectrometric mapping of peptides is a very sensitive and accurate 

method for characterizing the primary structure of proteins. In addition, mass spectrometry has 

been recognized for decades as an important technology for analyzing different post-

translational modifications, such as protein phosphorylation, glycosylation, sulfonation, 

acetylation, and methylation of modified peptides. Among many mass spectrometric methods, 

the nano-LC-FTMS is the most rapid, accurate, and efficient tool to sequence proteins and 

identify post-translational modifications from small amounts of tissues with high sensitivity 

and speed [18,19]. 

Previously, the expression of a combination of subunits in Xenopus oocytes of 

transfected mammalian cells showed that , , and  subunits are required for the formation of 

GABAAR with the expected properties [20,21]. In addition, the functional heterogeneity of the 

GABAAR complex has been suggested based on the pharmacological characterization of the 

receptor using electrophysiological and radio-ligand binding assays [22,23]. 

The predominant GABAAR in the cerebral cortex consists of - and -subunit 

polypeptides that bind GABA (or GABAA agonists, muscimol, and isoguvacine) and 

benzodiazepines (flunitrazepam and diazepam, respectively) [24-28]. Two discrete binding 

sites in the M1 and M4 transmembrane domains of GABAAR (chimera mouse and Drosophila) 

have also been identified that mediate neurosteroids' potential and direct activating effects [29]. 

Using the method of site-directed mutagenesis, it was shown that the amino acids Thr 236 

(M1) and Tyr 284 (M4) initiate activation, while the amino acids Gln 241 (M1) and Asn 

407 (M4) mediate an increase in responses to GABA or neurosteroids [29]. These data indicate 

that the neurosteroid binding site may be located on the 1 subunit of GABAAR. However, the 

problem is that site-directed analysis provides ambiguous explanations for interpreting the 

results. Therefore, it would be important to have a fast, convenient and accurate mass 

spectrometry approach for peptide mapping of proteins and receptors. Sequence comparison of 

labeled and unlabeled peptides will allow identification of amino acid residues and study of the 

structure of the ligand binding site. In this case, using nano-LC-FTMS in combination with the 
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photolabeling approach can become a promising and direct tool for studying the structure of 

ligand-binding regions of receptors and proteins. 

This study aimed to isolate and purify GABAAR from a small amount of rat brain tissue 

and to identify the amino acid sequence and post-translational modifications of the GABAAR 

α1 subunit using nano-LC-FTMS analysis. 

2. Materials and Methods 

2.1. Materials. 

In the work we used reagents for the qualification of analytical grade. Rat brains 

containing the GABAAR (Rattus norvegicus) were purchased from Pel-freez (USA) and used 

to prepare membranes. SDS-PAGE reagents, SDS-PAGE purification kit, and Western blotting 

reagents were from Amersham Biosciences (USA) and Calbiochem (USA). The Sypro Ruby 

protein staining kit was purchased from Invitrogen (USA). A complex of anti-GABAAR 

antibodies (directed against 1, 1, 2, 3  and 2 subunits) were purchased from Antibodies 

Inc., Davis (USA). Goat anti-rabbit IgG-HRP antibodies for Western blotting were purchased 

from Santa Cruz Biotechnology (USA). Centricon Plus-20 membrane was from Millipore 

(USA), and protein A agarose was purchased from Sigma (USA). Immuno-blot TMPVDF 

membrane was purchased from Bio-Rad (USA). 

2.2. Membrane preparation. 

The membranes from rat brain regions were isolated, as described in the article [30]. 

Frozen areas of the brain of rats were homogenized in a solution of sucrose (0.32 M) and then 

centrifuged for 10 min at 1000 g at a temperature of 0-4°C. After that, the resulting supernatant 

was centrifuged at 100,000 g for 45 min. The resulting precipitate was then osmotically 

destroyed in distilled water, and then washed twice with membrane washing buffer and stored 

frozen.To prepare the lysate, the membranes were thawed, precipitated, and washed twice with 

buffer (20 mM K2HPO4/KH2PO4 buffer with 50 mM KC1, pH 7.5). Membranes were prepared 

by centrifugation at 100,000 g for 20 min, then the membranes were washed once with 

membrane wash buffer and resuspended in lysis buffer (10 mM Tris-HCl buffer with 150 mM 

NaC1, pH 8.5, 0.05% phosphatidylcholine, 0.5 % Na-Deoxycholate, 1 complete protease 

inhibitor cocktail tablet), to obtain the final protein concentration (1 mg/ml), and then incubated 

for 60 min at 40°C. The resulting suspension was then centrifuged at 16,000 x g, and the 

supernatant (lysate) was loaded on the protein A gel column for immunopurification. 

2.3. Immunopurification of GABAAR. 

1 subunit of GABAAR was isolated from rat brain membranes (RBM) and purified by 

the method of immunoaffinity chromatography with some modifications [31]. The lysate from 

RBM was applied to a column consisting of a complex of anti-GABAAR antibodies (directed 

against 1, 1, 2, 3  and 2 subunits), coupled to Protein A agarose beads. The column was 

washed with three volumes of triton buffer (50 mM Tris-HCl, 1 mM EDTA, 0.1 % Triton X-

100, pH=8.3), six volumes of immunoprecipitation (IP) high buffer (50 mM Tris-HCl, 0.6 M 

NaCl, 1 mM EDTA, 0.5 % Triton X-100, pH=8.3) and six volumes of IP low buffer (50 mM 

Tris-HCl, 150 mM NaCl, 1 mM EDTA, 0.2 % Triton X-100, pH=8.3) and was eluted with 

glycine buffer (0.1 m Glycine-HCl, 150 mM NaCl, 0.1 % Triton X-100, pH=2.45). Eluate has 
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been neutralized with 1 M Tris, pH-9.0. The GABAAR solution concentrated on Centricon Plus 

20 membrane. Before electrophoresis, the GABAAR was precipitated with an SDS-PAGE 

clean-up kit, and the pellet was dissolved in sample buffer (62.5 mM Tris-HCl, pH=6.8, 10 

mM EDTA, 10 % (v/v) glycerol, 2 % SDS, 0.002 % bromphenol blue and 5 % dithiothreitol, 

pH=6.8) for SDS-PAGE.  

2.4. Measurement of the amount of GABAAR. 

The presence of GABAAR was measured by RO15 assay, which shows the 

benzodiazepine binding site on the surface between 1  and 2 subunits [32]. 

2.5. Electrophoresis. 

Polyacrylamide gel electrophoresis (10% polyacrylamide gel under reducing 

conditions) was used for protein analysis [33]. After electrophoresis, the gels were stained or 

used for Western blot analysis. Gels were Sypro Ruby stained with the kit. 

2.6. Western blot analysis. 

For Western blotting, proteins from SDS-PAGE gels were transferred to a Tropifluor™ 

polyvinylidene difluoride membrane. The membrane was then treated with 5% milk powder 

for 1 hour to block non-specific binding, after which the membrane was washed three times 

with Tris-buffered saline containing Tween 20 (0.05%) and incubated overnight with primary 

the anti-2 subunit GABAAR mAb (rabbit) (1:2000). Then the membranes were washed three 

times again with Tris-buffered saline containing Tween 20 (0.05%) and incubated with goat 

anti-rabbit IgG –HRP (1:20 000) for 1 h. An ECL-plus Western blotting system was used to 

detect immunoreactive bands. 

2.7. Digestion in the SDS-PAGE matrix (in situ gel digestion). 

For proteolytic cleavage of proteins in SDS gel matrix, the following method was used 

[34,35]. Staining and decolorizing the gel were carried out quickly since both steps lead to 

partial fixation of the proteins in the gel. Protein bands were then excised from the gel using 

robotic instruments, and the gels were washed for 1 hour in 40% (v/v) aqueous acetonitrile to 

remove the residual dye, buffer, and SDS. The cleaned gel pieces were dried at room 

temperature in a vacuum, in a centrifuge, and soaked until swollen in a solution (100 µl of 50 

mM NH4HCO3 containing 12.5 ng/µl of modified trypsin) in an ice bath. After the gel pieces 

had reached their original size, the supernatant was removed, and a solution (100 μl of 50 mM 

NH4HCO3) was added. Proteolytic cleavage of proteins in the gel was carried out with trypsin 

for 24 h at 37°C with gentle shaking. Then the resulting peptides were extracted with a mixture 

of acetonitrile and 50 mM NH4HCO3 (1:1) for 24 h and lyophilized. The lyophilized powders 

were dissolved in UHQ water, and the peptides were precipitated by adding 10% TCA. After 

that, the samples were centrifuged for 10 min at 15,000 g at 0°C. Then, after precipitation, it 

was washed with cold acetone, dried, and stored at –20°C. 

2.8. Nano-LC-FTMS analysis. 

Mass spectrometry was performed using a mass spectrometer with a quadrupole ion 

trap and Fourier transform ion cyclotron resonance (LTQ-FTMS, Thermoelectron, USA). The 

nano-liquid chromatograph (Eksigent nano-LC, USA) was interfaced to the LTQ-FTMS with 
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a Pico-View nano-capillary source from New Objective (USA). Samples were injected using 

an autosampler (Endurance, USA) into a column, which was a PicoFrit C-18 (75 μm × 10 cm) 

(New Objective, USA). Water for HPLC (Fisher Scientific, USA) containing 1% formic acid 

(Sigma-Aldrich, USA) (Solvent A) and acetonitrile (Burdick & Jackson, USA) containing 1% 

formic acid (Solvent B) were used as mobile phases. The sample (5 µl) was applied at a rate of 

600 nl/min at 1% B for 10 min. 

Then the flow rate was reduced to 200 nl/min with isocratic elution for 20 minutes, 

followed by a linear increase in solvent B (2%/min) over 40 minutes. 

The LTQ-FTICR (7 T) mass spectrometer was configured to operate in a data-dependent mode. 

Overview scans (m/z = 450-1500) were obtained using FTICR-MS with a resolution of 

~100,000 at m/z = 421.75 after the accumulation of ions in the trap to a value of ~1,000,000. 

The 10 most abundant ions were isolated and analyzed after reaching a target value of ~40,000. 

An insulation width MS/MS of 2.5 Da was used, and the normalized collision energy was 35%. 

Electrospray ionization was carried out at a sputtering voltage of 2.8-3.1 kV without a gas 

envelope. The temperature of the ion exchange tube was 200°C. 

2.9. MS data analysis. 

Theoretical unmodified peptide mass lists for 1 GABAAR (NP_899151) were obtained 

by in silico theoretical trypsin digestion using Protein Prospector 

(http://prospector.ucsf.edu)[29,36]. The missing trypsin cleavages (0-8) and the following 

variable modifications were taken into account: acetylation (N-terminus), cysteine 

carbamidomethylation (C), methionine oxidation (M), pyro-glu (N-terminus Q), and serine 

phosphorylation. as well as threonine and tyrosine residues. The acquired MS data were 

collected in profile mode, as were the MS/MS spectra [37,38]. “Raw” files were analyzed using 

LCQ-DTA software (Thermoelectron) and then the resulting files were exported to MASCOT 

1.9.05 software (Matrix Science, UK). The following LCQ-DTA settings were applied: 

grouping tolerance 0.0001 Da; "intermediate scans" (1); and "minimum number of scans per 

group" (1). The following settings and databases were used to search for tandem MS data 

(taking into account 0, 1, 2, 3, or 5 missed trypsin digestions): (1) enzyme, trypsin, MS 

tolerance 3 ppm, MS/MS tolerance 0.8 Da, and carbamidomethylation of cysteines and 

methionine oxidation as "variable modifications"; (2) lack of enzyme, MS tolerance 3 ppm, 

MS/MS tolerance 0.8 Da, 1 subunit of GABAAR (NP_899151) and carbamidomethylation of 

cysteines, oxidation of methionines and phosphorylation of all serine, threonine and tyrosine 

residues in the form of variable modifications [39]. MS/MS spectra were searched against the 

rat database (Rattus norvegicus). 

3. Results and Discussion 

3.1. Immunopurification of GABAAR. 

GABAAR has been immunopurified on protein A agarose column, containing the 

complex anti-GABAAR antibody, directed against 1, 1, 2, 3  and 2 subunits, GABAAR has 

been eluted by glycine and amount of receptor has been measured by Ro15 assay. The Ro15 

assay shows the benzodiazepine binding site on the surface between 1 and 2 subunits. The 

lysate (unpurified sample) showed 19.5 pmol binding by Ro15 assay, and the IP 

(immunopurified) eluant contained 5.8 pmol bindings. The purification procedure, including 
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one step on protein A agarose column, did differ significantly from the protocols described in 

the literature. After immunopurification, the lysate and IP eluent samples were loaded on an 

SDS-PAGE gel. Protein profiles from rat brain membranes are shown in Figure 1 (a). 

 
Figure 1. Gel profiles of GABAAR obtained from RBM and presented for mass spectral analysis. (a) proteins 

stained with Sypro Ruby; (b) protein samples cut with robotic instruments, the сuts shown 1-8  (c) cross-

reactivity of bands of proteins interacting with the anti-2 antibodies. Marker proteins (with their molecular 

weight in kDa) are listed on the left. Numbers (3, 4, 5) show the localization of the GABAAR subunits. 

A comparison of lysate and IP eluent samples showed that GABAAR has been purified 

completely and produced one major band around 52 kDa. This major protein band at 52 kDa 

was found to cross-react with antibodies directed against 2 subunits of GABAAR in these 

membranes, as detected by Western blot analysis (Figure 1, c). Other subunits of GABAAR are 

also co-immunoprecipitated during immunopurification. Localization of  and  subunits in 

this protein band has also been detected by Western blot analysis (data not shown). The main 

protein band of 52 kDa was selected, and the spots were cut out with a robotic tool (Fig. 1b). 

Then, gel bands were subjected to in-gel tryptic digestion. Peptides from gel bands were 

extracted by acetonitrile. Then peptides were analyzed by nano-LC-FTMS analysis. 

3.2. Nano-LC-FTMS Analysis of subunits of the GABAAR. 

Analysis of the digests of spots 3, 4, and 5 using nano-LC-FTMS definitively identified 

the presence of the 1, 2, 5, 2, 3, and 2 subunits of GABAAR. Our initial work has focused 

on obtaining the sequence of 1 subunit and determination of post-translational modifications. 

In this study, each nano-LC-FTMS analysis produced –6000-12 000 MS/MS spectra in the 

data-dependent mode. We explored the usefulness of searching for MS/MS spectra of 

GABAAR peptides in this large dataset using accurate mass measurements from the FTICR 

spectra. We determined an overlap (within 5 ppm) of m/z values (+1, +2, +3, +4, and +5 charge 

states) for tryptic peptides (0.1-8 missing cleavages) and variable modifications for cysteine 

urea methylation, oxidation of methionines and phosphorylation of all serine, threonine and 

tyrosine residues for 1 subunit of GABAAR from rat brain. In addition, we then performed 

selected ion extraction analysis and analyzed spectra that contained signals corresponding to 
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the overlapping values. The MS/MS spectra were searched against the rat database. It was 

shown that the MS/MS signal spectrum of high quality (m/z value) refers to peptides of 1 

subunit. Then using selective ion chromatograms, we then analyzed all possible theoretical m/z 

values for 1-, 2-, 3-, 4-, and 5-charged peptides. Hence, using selected ion extraction, we 

analyzed the FTMS spectra according to the exact masses of 1 subunit peptides in +1, +2, +3, 

+4, or +5 charge states. In addition, all FTMS spectra containing signals corresponding to these 

exact m/z values were then checked manually to confirm the theoretical charge value and 

isotope distribution. 

3.3. MS data analysis. 

Mass spec analysis data of the 1 subunit peptides are presented in Table 1. 

Table 1. Identification of peptides of the 1 subunit  of the  GABAAR  by nano-LC-FTMS. 

 

Table 1 shows peptides that were observed using both precise mass determination and 

MS/MS spectra to determine the peptide sequence of the GABAAR of the α1 subunit from 

RBM. Moreover, Table 1 compares the theoretical and calculated masses of the 1 subunit 

peptides produced after digestion with trypsin and analysis using nano-LC-FTMS. Using the 

Protein Prospector program (http://prospector.ucsf.edu), the theoretical masses of peptides of 

the 1 subunit were determined. Using the MASCOT search program, we determined the 

calculated masses of peptides of the (1 subunit as one-, two-, three-, four-, and five-charged 

ions. 
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Thus, the amino acid residues of the 1 subunit were found by mass spectrometric 

analysis, based on the accurate mass determination, isotopic distribution, and tandem analysis. 

Analysis of accurate masses from nano-LC-FTMS yielded 81 % (371 from 455 amino 

acids) total sequence coverage of the 1 subunit. Some peptides (47 % of sequence, 214 from 

455 amino acids) were abundant and definitively identified from tandem fragmentation spectra. 

Some peptides were not selected for tandem analysis because of low abundance. Post-

translational modifications of the 1 subunit peptides have been found, such as 

phosphorylation, methionine oxidation, carbamidomethylation (Table 1, Table 2). 

Table 2. Identification of the post-translational modifications peptides of the 1 subunit of the GABAAR. (●) 

shows post-translational modifications of peptides: phosphorylation, methionine oxidation, and 

carbamidomethylation. 

 

Most of them have been identified in extracellular soluble parts of the GABAAR, 

especially in N-terminus, M1-M2-linker, and M3-M4 linker (Table 1). Three peptides were 

identified with the phosphorylated residues. We detected the two phosphopeptides in N-

terminus, one 3KSRGLSDYLWAWTLILSTLSGR24  with five phosphorylated residues, the 

second  64VTEVKTDIFVTSFGPVSDHDMEYTIDVFFR93 with three PO4 residues. In 

addition, we also identified the phosphopeptide in the M1 transmembrane domain, 

248KIGYFVQTYLPCIMTVILSQVSFWLNR275, with six phosphorylated residues. Identifying 

phosphorylation sites on the (1 subunit is thought to confer the role of protein kinase in 

regulating the GABAAR activity. 

Transmembrane domains M1, M2, and M4 peptides were found as 3+, 4+, and 5+ 

charged species. Some have been identified by the tandem analysis, some not, because of low 

abundance and high molecular masses. The high molecular masses of transmembrane domains 

demand to use of more energy for fragmentation collision reaction to cleavage peptides on 

amino acid residues. MS/MS spectra have been analyzed for each peptide. Eluted peptides were 

analyzed by the MASCOT search program. The total liquid chromatography spectrum of the 
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α1 subunit of the GABAAR is shown in Figure 2 (a).

 
Figure 2. Nano-LC-FTMS analysis of tryptic digestions of the 1 subunit of the GABAAR from RBM: (a), 

selected ion chromatogram of 356VKDPLIK362 peptide from nano-LC-FTMS analysis of a tryptic digest of the 

1 subunit of the GABAAR. The predicted theoretical mass of peptide (m/z) is 406.7663. (b), FTICR partial 

spectrum of 356VKDPLIK362 peptide. Observed accurate mass=406.7656, the isotopic distribution is 0.5013. 

This peptide is a doubly charged ion, resolved ions in the isotope cluster are seen at m/z intervals of 0.5 Th, 

which is 1.0 Da divided by the charge of two Delta=406.7663-406.7656=0.0007, tolerance=0.0007/406.7663 = 

1.7 ppm (< 5ppm). 

As an example, in Figure 2(b) shows the MS/MS spectrum of the peptide which eluted 

after 4.88 minutes. The predicted theoretical mass of this peptide (406.7663) corresponds to a 

doubly charged state with the amino acid sequence 356VKDPLIK362. The isotopic distribution 

(407.2669-406.7656) is 0.5013, which correlates with the double charge state of the peptide. 

Then we calculated the delta value (the difference between the theoretical and experimental 

mass (406.7663-406.7656=0.0007). The resulting delta value (0.0007/406.7663) divided by the 

theoretical mass indicates a tolerance of 1, 7 ppm, which is less than 5 ppm for this particular 

peptide.All peptides with a tolerance of less than 5 ppm were chosen by us as peptides 

corresponding to the predicted sequences. We compared the experimental MS/MS spectra with 

the fragmentation of the theoretical pattern found in Prospector. As can be seen from Figure 3, 

the MS/MS spectrum of this peptide showed an almost complete set of y- and b-ions, which 

corresponds to the theoretical amino acid sequence of the peptide. In addition, the complete set 

of b-(b2-b6) and y-ions (y1-y6) for interpreting of the sequence 356VKDPLIK362  sequence is 

shown in Figure 3. 
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Figure 3. MS/MS fragmentation spectrum of the [M+2H]2+ ion=406.7656 with tr=4.88 min from 

356VKDPLIK362 acquired by nano-LS-FTMS. The complete list of theoretically assigned ions is given in Table 

3. 

It should be noted that we were not detected b1-ion because of its low molecular mass. 

But the a-, b-NH3, and y-NH3 ions were determined. The list of theoretical patterns of 

fragmentation ions has given in Table 3. 

Table 3. The theoretical pattern of fragmentation ions of the peptide 356VKDPLIK362. Bold shows ions observed 

in MS/MS spectrum. 

 

Complete structural characterization and high identification coverage (81%) of the 

amino acid sequence of the 1 subunit were obtained using nano-LC-FTMS mapping of peptide 

mixtures as a result of proteolytic degradation with trypsin (Table 4). 
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Table 4. Sequence coverage of the 1 subunit of the GABAAR based on accurate masses and isotopic 

distribution.  

 

Most peptides have been identified as single charged peptides (47 %, 214 from 455 

amino acids), some as doubly (10 %, 47 from 455 amino acids), about 9-14 % (40-64 from 455 

amino acids) as triply and quadra charged peptides. Only 1 % (6 from 455 amino acids) of 

peptides existed in penta charged state. These data show that most peptides exist as singly and 

doubly charged peptides. Definitive tandem identification has been shown for 47 % of peptides, 

which means that about 80-90 % of the total set of b- and y–ions have been found. Tandem 

consistent identification has been found for 26 % (117 from 455 amino acids) of peptides, 

meaning that about 60 % of total b- and y-ions have been identified for each peptide's sequence. 

Based on MS/MS data, we calculated the sequence coverage of the different domains of 1 

subunit (Table 5). 

Table 5. Identification of the sequence coverage of the 1 subunit of the GABAAR extracellular and 

transmembrane domains based on results of nano-LC-FTMS analysis. 
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The N-terminal and the C-terminus, which are extracellular domains, have been 

identified with extensive sequence coverage, 85 (214 from 249 amino acids) and 100 %, 

respectively. Other soluble domains, including the M1-M2 linker and M3-M4 linker, have also 

been determined with 100 and 85 % (75 from 88 amino acids), respectively. In contrast, the 

M2-M3 linker has not been identified because there are just two cleavage sites for trypsin at 

this peptide, at R (arginine, 299) and at K (lysine, 304). Therefore, trypsin degradation produces 

two peptides, one with very low molecular mass, 300NSLP303. It is under the limit of nano-LC-

FTMS detection. The second peptide is 

305VAYATMDWFIAVCYAFVFSALIEFATVNYFT335; its size is too big for nano-LC-FTMS 

detection. Soluble M3-M4 linker has been identified on 85 %, but it also contains the 

undetermined small peptide 389SATIEP394. Transmembrane domains, including M1, M2, and 

M4, were determined almost completely, except for the M3 domain. M3 domain includes about 

32 amino acids; its size and molecular mass are too big to be detected by MS/MS analysis. We 

design the map of the primary structure of the GABAAR of the 1 subunit (Figure 4 a and b). 

 

 
Figure 4. Coverage mapping of the 1 subunit of the GABAAR deduced from nano-LC-FTMS data: (a)-N-

terminus, (b)-C-terminus. Identified amino acids (yellow and orange circles) and non-identified (red circles). 

The green color shows the hydrophobic part of the membrane. 
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Yellow and orange colored circles show a covered sequence of the 1 subunit of the 

GABAAR from rat brain, but red colored circles show uncovered amino acid residues.  

4. Conclusions 

It has been established that γ-aminobutyric acid (GABA) is the main neurotransmitter 

in the central nervous system of mammals [40]. It is known that GABA plays a key role in the 

regulation of signaling to neurons in the brain, thereby affecting various physiological and 

psychological processes [41,42]. Changes in GABA levels have been shown to affect the 

development of various nervous and mental diseases [43-45]. It is known that GABA exerts its 

action through the ionotropic GABAA receptor [46-48]. This GABAА receptor is the target of 

many important drugs that affect GABAergic function and is widely used in the treatment of 

various neurological disorders such as anxiety, epilepsy, insomnia, spasms, aggressive 

behavior, stress, and other pathophysiological nervous and mental conditions and diseases [49-

55]. Evidence from experimental and clinical studies indicates that GABAAR plays an 

important role in the mechanism and treatment of epilepsy [56]. This GABAAR is critical for 

brain development and function. Altered GABAergic transmission is thought to be associated 

with neurodevelopmental disorders. Subunit Shisa7 was recently identified as a GABAAR 

accessory subunit that modulated GABAAR transport and GABAergic transmission. It has been 

shown that a phosphorylation site critical for Shisa7-dependent GABAAR delivery contributes 

to behavioral endophenotypes seen in neurodevelopmental disorders. A phosphorylation site 

critical for Shisa7-dependent GABAAR delivery has been shown to influence behavioral 

endophenotypes in neurodevelopmental disorders. 

Specifically, these mice exhibited hyperactivity, increased self-grooming, and impaired 

sleep homeostasis [57]. Earlier studies have shown that mutations in several GABAAR genes 

cause severe developmental disorders and the appearance of epileptic encephalopathies [58]. 

Analyzes of cell expression systems and mouse models show that all modifications in 

GABAАR genes cause loss of GABAАR function, which causes GABAergic disinhibition [59]. 

Recently, genetic studies have revealed the crucial role of the GABAergic system in the 

pathogenesis of various forms of epilepsy. The study of post-translational modifications of 

GABAergic receptor subunits provides an opportunity to develop precise therapeutic strategies 

that will be free from the burden of side effects observed with the use of GABAergic drugs. In 

our work, we identified post-translational modifications of the GABAAR of the α1 subunit 

peptides from the rat brain, such as phosphorylation of serines, threonines, and tyrosines 

residues, oxidation of methionine and carbamidomethylation of cysteine. It should be 

emphasized that the determination of post-translational modifications is important for 

understanding the regulation of various GABAAR isoforms [60]. Currently available 

pharmacotherapeutic agents for the treatment of schizophrenia are not effective enough to 

restore the damaged cognitive functions observed in this disease. Thus, the search for more 

effective drugs continues. Allosteric modulation of the α5 GABAAR subunit has been shown in 

animal models of schizophrenia, which is an effective tool for reversing the activity of the 

dopamine system [61]. Therefore, these α5 GABAAR agonists are promising due to their 

potential to improve cognitive deficits in schizophrenia. 

Of particular importance are drugs that affect and modulate the activity of the GABAAR 

complex, such as neuroactive steroids, benzodiazepines, barbiturates, various intravenous and 

inhalation anesthetics, and ethanol. 
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Molecular interactions and subsequent pharmacological effects caused by drugs acting on 

GABAАR are extremely complex due to the structural heterogeneity of the GABAАR and 

numerous allosterically binding sites of different ligands [62]. Currently, there is interest in the 

research and development of drugs that are selective with respect to the subunits of the 

GABAAR, in particular,  of the drugs that will be more effective and without side effects. 

Regulation of GABAAR through post-translational modifications of receptor subunits may 

open up new prospects for developing specific drugs and developing new therapeutic 

approaches and methods for treating neurological diseases. 

In turn, the study of post-translational modifications of the GABAАR subunits is necessary for 

understanding the regulation of receptor activity and its modulation by drugs necessary for 

brain functioning [63-68]. 

Thus, in this study, we isolated the GABAAR from small amounts of brain tissue, almost 

completely identified the primary structure of the α1 subunit, and showed post-translational 

modifications of the peptides. It is possible that complete sequence coverage and detection of 

additional modification sites can be obtained using alternative proteolytic enzymes. 

Taken together, our findings suggest that our comprehensive MS-based peptide 

mapping strategy is a sensitive and powerful method that will aid in the study of the structure 

of membrane proteins and receptors, as well as their post-translational modifications and ligand 

binding sites. A deep understanding of the structure and post-translational modifications of the 

GABAAR subunits will give a clear idea of the changes that can lead to CNS disorders. On this 

basis, these studies are vital for drug discovery and development in the future. 
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