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Abstract  
Background  
Next generation sequencing technology is putting significant pressure on 

computational researchers to implement software tools for analysis (identification, 

annotation, homology/orthology assignment, phylogeny, etc.) of the genes and gene 

products “on-the-fly” in parallel with the sequencing machines. This requires both 

leveraging supercomputing systems and alternative kinds of analyses. We seek to 
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contribute to the solution of these problems through the deployment of high speed 

explicitly functional domain-based solutions through the system called MotifNetwork. 

We present case select studies of domain-based approaches to gene analysis that range 

from homology assessment to phylogeny reconstruction to pangenomic analysis as a 

demonstration of potential benefits of such approaches. For analyses, we used grid-

computing to enable the computations necessary to apply these techniques to genome-

size systems.   

Results 
We used MotifNetwork to apply functional domain-based methods to three biological 

test cases that represent broad biological areas of research.  

• First, we assess functional homology of over 3000 eukaryotic proteins with 

respect to the ligand-gated ion channel family by calculating domain-based 

similarity of genes with four different metrics: distinct-partners, inverse 

document coefficients, cumulative association coefficients, and the Jaccard 

function.  

• Second, we illustrate a methodology for predicting phylogenetic relatedness 

based on evolutionary domain analysis. It is applied to over 40 prokaryotic 

proteins that were identified as likely functional homologs with respect to the 

same family of ion channels.  

• Lastly, comparative genomics studies are conducted between. H. sapiens and 

23 different strains of E. coli. The domain-based pangenome of E. coli is 

analyzed and compared against that of H. sapiens in a context of drug target 

identification and potential side effects. 

Benchmarks of MotifNetwork indicate that execution times achieve reasonable 

performance scaling when using up to 256 processors available to this work and that 
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our use of a data-grid for storage of the results, as implemented with iRODS, is well-

suited for large-scale biological pipelines.  

Conclusions 
The combination of domain-based analyses and fast processing enabled by 

MotifNetwork should permit researchers to more accurately and efficiently perform 

research on a wide range of biological problems and thus alleviate the bottlenecks that 

now exist between sequencing of genes and their subsequent characterization. Our 

approach is especially suitable for biological problems that can be formulated as the 

identification of functional correspondences among a large set of proteins such as the 

three illustrative examples that are discussed in the paper which range from E. coli 

pangenomics, to functional homology and phylogenetic relatedness of the LIC family 

of ion channels.   

Background  
 

The concept of domains within genes and proteins (conserved segments of the 

macromolecular sequences with a particular function and structural motif) has become 

increasingly important in sequence analysis in recent years. This perspective as 

applied to structural domains is reviewed in [1]. Most present-day proteins have 

multiple functional domains [2] and it appears that much of the evolutionary path of 

proteins occurs by rearrangement and addition (or, less usually, subtraction) of 

domains [3]. In fact, Fong et al [3] model protein evolution by a maximum parsimony 

analysis of domains contained in the protein, the results of which suggest that the 

overall path of evolution has been towards greater complexity (Fusions, which cause 

an increase in the number of domains in proteins, have outnumbered fissions that 

reduce the number of domains). Björklund et al [4] suggest the concept of “domain 
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distance” (degree of difference of a domain architecture) as a measure of evolutionary 

distance between proteins. Song et al. [5] and Lin et al. [6] also propose metrics for 

domain architectures in order to determine homology between proteins. A review of 

the literature, data, and concepts of domain recombination is provided in [7]. 

Our laboratory, in collaboration with the laboratory of L. Aravind, used domain-

based methods to find prokaryotic members of the Ach receptor channel family after 

Blast-based techniques, utilizing complete eukaryotic protein sequences as probes, 

found nothing of interest. In particular, when [8] parsed the eukaryotic sequences into 

conserved domains, and did pattern matching utilizing the various domains, there was 

revealed a group of prokaryotic members of the acetylcholine receptor channel 

family.  Subsequent experimental work confirmed the identity of this group [9]; Later 

an X-ray crystal structure was determined [10]. 

Part of the usefulness of these methodologies is tied to the speed of generating the 

results. For our larger research-scale genome studies, results could takes months to 

complete on our typical computers rather than the 1-2 days desired. In order to apply 

larger amounts of computing capacity to domain-based methods, we have developed 

the MotifNetwork system [11-12]. It consists of a suite of scientific workflows and 

custom applications using grid-computing concepts. A major component of 

MotifNetwork's biological applications suite is the InterProScan software [13-14] 

which is used to identify functional domains and motifs in protein sequences. 

MotifNetwork, however, is designed to use alternative definitions of domains such as 

de novo approaches using MEME [15] and MAST [16]. Workflows as referred to in 

this document are software instantiations of conceptual pipelines that perform a series 

of biologically relevant computations. The workflow orchestrator controls the entire 

computation and schedules all operations. Grid components assist by performing 
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basic operations such as the scheduling of compute jobs onto remote computers, the 

transfer of data between computers, and the assembly and storage of the results. The 

simplicity of these biological pipelines masks much of the underlying software 

complexity which must be uniformly speedy to ensure high performance of the 

system’s workflows.  

Results  
The following three case studies illustrate the main theme of this paper for many 

biological problems that can be reformulated as determining functional relatedness of 

sets of proteins. Select aspects of the design and performance of MotifNetwork that 

impact the day-to-day usability of the system are also discussed. 

Case study 1: Assessing functional homology using domain-based metrics 

This analysis begins by assembling over 3000 eukaryotic proteins that share at least 

one functional domain with representatives of the ligand-gated ion channel (LIC) 

family, as defined by the TCDB Transporter Classification Database [17] (date of 

access, October, 2009). See Figure 1. Four different metrics were used for assessing 

functional homology; these consisted of two weighted metrics: distinct-partners and 

inverse document coefficient, and two unweighted metrics: cumulative association 

coefficient and Jaccard function. See Song et al. [5] and Lin et al. [6] for details on 

these metrics. We also run benchmarks on the metrics to assess their sensitivity and 

specificity. 

All metrics identified distant homologs of the LIC family. The weighted metrics 

outperformed the unweighted metrics in sensitivity and specificity for cases where 

distinct domain set profiles existed to correctly assign homology to a subfamily of the 

LIC family. For example, they performed well with homologs of the ACH subfamily 

which has the distinct domain set [IPR002394 IPR006029 IPR006201 
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IPR006202 IPR018000], but less well with distinguishing homologs of some 

subfamilies with the same domain set profile. For instance, the GABA receptors in the 

1.A.9.5 subfamily, the 5-HT-gated chloride channels, and the 1.A.9.6 subfamily, all 

have the same domain profile [IPR006028 IPR006029 IPR006201 IPR006202 

IPR018000]; thus a protein with this domain set could belong to either one of these 

subfamilies. Groupings at a higher resolution than pure domain profiles can be 

obtained by first aligning sequences using domain profiles followed by cluster 

analysis on those alignments. Our experiences so far indicate that sequences with the 

same domain profiles invariably align readily 

Case Study 2: Predicting likely prokaryotic homologs of the LIC family 

To date, only two prokaryotic proteins have been experimentally verified to belong to 

the LIC family; they are GLVI (GenBank:NP_927142.1) and ELIC (PDB:2VL0). We 

collected all prokaryotic proteins that shared at least one domain with the LIC family, 

1.A.9 as per TCDB [16] (date of access March, 2009) and after applying domain-

based homology metrics were able to identify 42 proteins that are likely homologs of 

the LIC family, including GLVI or ELIC. The set of domains that comprise the 

composition for these likely homologs consists of only four domains [IPR006201, 

IPR006202, IPR006028, IPR006029]. See Figure 2. In comparing corresponding 

protein sequences from eukaryotes and prokaryotes, we typically find that the 

prokaryotic sequences have fewer domains and a simpler domain structure. 

Case Study 3: Domain-based comparative genomics of the E. coli pangenome 

At the time of the calculations presented in this section, 23 genomes of different 

strains of E. coli were completed and publicly available. They consisted of 15 

pathogenic strains, four commensal strains, and four genomes often explored in the 

laboratory but that do not normally inhabit humans. In addition to the E. coli 
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genomes, we also considered that of H. sapiens. All genomes were processed by 

MotifNetwork to resolve the proteins into their functional domain components and 

then to calculate the universe of domains for the entire E. coli pangenome and for H. 

sapiens. Being able to identify E. coli proteins that do not contain human functional 

domains supports comparative studies across the species such as identifying drug 

targets with a lessened likelihood of side effects in humans. A summary of the domain 

content of the E. coli and H. sapiens genomes is shown in Figure 3. One noteworthy 

finding is that the human universe of functional domains is only approximately 50% 

larger than that of the E. coli pangenome, despite the number of identified human 

proteins being approximately five times larger than for a typical E. coli genome. The 

larger repertoire of human proteins appears to come from more combinations of 

domains in a single protein rather than from a larger set of domains. We have 

previously observed this relationship between eukaryotic and corresponding 

prokaryotic proteins in a different context [18]. The true ratio of H. sapiens to E. coli 

proteins is probably much greater than indicated in Figures 3-4 because of frequent 

splice variants produced during human transcription that rarely occur in bacteria.  

 

One potential use of domain analysis is to identify potential targets for specific 

antimicrobial drugs as an alternative to the nonspecific antibiotics that are inducing 

antibiotic resistance in a variety of pathogenic microbes. Figure 4 is a Venn diagram 

that shows the commonalities and the differences between the domain content of 

human proteins, pathogenic and commensal E. coli. In this diagram, we see that there 

are 1602 domains that are common to all three; i.e., humans and both categories of E 

coli.  About 25% of the domains in human proteins are shared with E. coli. For 

purposes of designing antimicrobial drugs, one interesting group of domains is the 
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326 domains that are in pathogenic but not in commensal E. coli or in humans.  It is a 

reasonable presumption that knocking down or knocking out proteins containing those 

domains could influence the pathogenicity of those E. coli strains.  A second group of 

interest is comprised of the 84 domains that are common to pathogenic E. coli and 

humans, but are not present in the commensal bacteria.  Within these domains are 

those that subvert the host cell’s signalling processes by mimicking host protein 

domains [19].  

 

In our view, the fact that complexity in the human proteome arises from new ways to 

combine a relatively small number of domains, plus the fact that domain analysis 

seems able to pinpoint pathogenicity factors in bacteria, underscores the importance 

of studying and classifying proteins on the basis of domain composition and 

architecture.  

MotifNetwork performance 
Figure 5 reports the execution time for a significant step of one MotifNetwork 

workflow. Here a set of input proteins is scanned to identify, and record the location 

along the complete protein sequence, InterPro domains. The scanning step can be 

segmented into many smaller steps called jobs. The set of jobs defined in this way is 

considered an ensemble. The width of an ensemble is a measure of the number of 

independent jobs (subtasks) that may be simultaneously launched. The degree of 

runtime concurrency, however, can be less than this width by decreasing the number 

of available computing devices. An example of the scaling as a function of this 

constrained width is collected in Figure 5. All results were obtained on a cluster of 

Dell PowerEdge 1955 blades (2.66 GHz) using an InfiniBand interconnection 

network (PCI-Express SDR). 
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Here is processed the E. coli (4,226 non-duplicate input sequences) genome yielding 

3,824 proteins that contain an Interpro integrated domain. A total of 3,861 domains 

were identified. The overall time to solution decreases substantially with the degree of 

concurrency. It shows that the execution time (runtime) for fairly small genomes 

including: scanning, data assembly, and post-processing steps, decreases from more 

than one day to approximately 3.5 hrs. It is important to note that for these results 

each node is actually a 4 processor system effectively increasing the performance and 

concurrency further still. Also reported is the relative efficiency. This is a measure of 

the effectiveness of increasing the number of available nodes on the runtime. A 

decrease to approximately 55% is observed. The efficiency decreases for two reasons. 

The first is overhead to manage the ensemble. Second, the ensemble width and the 

number of available compute nodes can poorly match causing load imbalances at the 

end of the run.  

 

Figures 6 and 7 display the execution times for two applications that process results 

from the ensemble step. These are parallel programs based on the MPI standard [20]. 

The ScoreMatrix app constructs large data sets corresponding to the domain 

likelihood scores and positions versus the protein. The WebMatrix app constructs 

several graphs and properties of the identified domains. These include protein-domain 

and domain-domain co-location data and frequencies. Many of these datasets are in 

Cytoscape [21] compatible formats.  

 

A common measure of parallel performance is speedup (SU). In particular, we want 

to characterize the effectiveness of increasing the number of applied processers to a 
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given calculation. Both figures report the measured wall time (sec) and speedup (SU) 

versus processors. Inefficiencies and load-imbalances decrease SU.  

All results were based on the ensemble results for 

the H. sapiens genome. Excluding non-integrated 

InterPro domains results in 29,892 proteins that 

contain 3,566 unique domains. ScoreMatrix results 

are collected in Figure 5 indicating the walltime 

decreased from 32,000 sec to nearly 4,000 sec. The associated SU is computed to be 

nearly 250 at 256 applied processors. The WebMatrix results are displayed in Figure 

7. Total wall time decreases from nearly 1,800 sec to 150 sec with a reported SU of 

nearly 210 at 256 processors. More extensive performance data are available in a 

recent report [22] and references therein. 

Methods 
Functional homology of the LIC family using domain-based analysis 

We began with the set of nearly 30 proteins in the 1.A.9 family of TCDB to create a 

representative set of proteins of the ligand-gated ion channel (LIC) family. Each 

protein was resolved into its corresponding set of functional domains as defined by 

InterPro. A set of 19 InterPro domains is sufficient to represent all proteins in the LIC 

family in terms of their domain composition (see Table 1). 

 

All proteins in the UniProtKB database (release 15.9) that contain at least one domain 

from the list in Table 1 were collected from the InterPro website and run with 

MotifNetwork. We further subdivided the proteins into two datasets: eukaryotic 

proteins (3104 proteins), and prokaryotic proteins (46 proteins). These were 

separately analyzed. To the eukaryotic proteins, we only applied four functional 

𝑆𝑆𝑆𝑆 =  
𝑡𝑡(𝑝𝑝𝑜𝑜)  × 𝑝𝑝𝑜𝑜

𝑡𝑡(𝑝𝑝)  

t(p)=walltime on p cores, 

p= number of applied cores. 

po= minimum number of cores 
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homology metrics. To the prokaryotic proteins we further applied the evolutionary 

domain analysis.  

 

Of the 3104 eukaryotic proteins, all but 470 are homologs of the LIC family.  The set 

of 470 sequences all come from the probe 1.A.5.2 and contain the signature domain 

IPR004241 (Light chain 3), characteristic of a group of proteins that are sometimes 

associated with LIC’s but share no homology with the LIC’s.  See Figure 1 for the 

results. 

 

The set of prokaryotic proteins consisted of 46 sequences with forty of them likely 

homologs of the LIC family. They contain in their domain compositions at least one 

neurotransmitter ligand binding domain from [IPR006201, IPR006202] and zero or 

more neurotransmitter transmembrane domains from [IPR006028, IPR006029]. The 

remaining six proteins contained the neurotransmitter binding site conserved domain 

IPR018000 combined with a domain that is characteristic of restriction modification 

enzymes: IPR014883. Identification of these six illustrates the strengths of domain 

search techniques; It uncovers novel combinations of domains whose existence would 

not readily be inferred by whole sequence alignment with Blast. 

 

Domain-based comparative genomics of E. coli 

We processed each of the 23 E. coli. proteomes with MotifNetwork. In addition, we 

included H. sapiens for comparison. We proceeded to calculate the domain-based 

pangenome of E. coli. We also calculated separately the domain-based pangenomes of 

the entire set of E. coli strains, and further separately the pathogenic strains, the lab-

use-only and the commensal strains of E. coli. Lastly, we identified domains unique to 
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each genome. The results are shown in Figures 3-4.  The set of domains unique to the 

pathogenic strains provides potential targets for drugs that can potentially attack 

pathogenic E. coli without side effects on either the human host or on commensal E. 

Coli 

MotifNetwork  
The WholeGenome workflow of MotifNetwork was used to process the E. coli 

datasets and, the ProteinProbe workflow to run the LIC homologs. These workflows 

were created and are orchestrated using the Taverna workbench [23], their grid-

architecture [24] is built on Globus grid-services [25] using GT4 [26], and 

supercomputing resources were allocated from the Renaissance Computing Institute 

(RENCI) and TeraGrid. We utilized the iRODS system [27] to store results directly 

from our workflows into secure storage. The biological software and databases used 

were: InterProScan (version 4.4), InterPro databases (version 23), UniProt (release 

15.9), PSI-BLAST (v6.1) [28], TCDB (accessed October, 2009), NCBI ftp site for the 

E. coli and human datasets (accessed February, 2009).  

Conclusions  
The purpose of MotifNetwork is to rapidly identify functional characteristics of large 

numbers of protein sequences and put the results of this identification into a form 

amenable for further analysis. From the biological discovery point of view, it is seen 

that the domain based approach has special value in creating phylogenies, discovering 

novel proteins, and identifying potential drug targets in infectious pathogens. The 

combination of domain-based analysis methods coupled with MotifNetwork should 

permit researchers to more accurately and more efficiently process large sets of 

proteins to elucidate biologically significant analyses across species such as those 

illustrated in this paper with the three case studies. 
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The usefulness of these domain-based techniques, however is coupled to having 

results in a timely manner. This speed requirement is being addressed by 

MotifNetwork. The software engineering challenges for the deployed workflows and 

services are many. Generally identified scientific workflow issues include 

• parameter-rich functions. How to handle data assembly and disassembly. 

• access to varied and large amounts of computing; often through a grid 

execution model. 

• workflow evolution. Once created, researchers needs require customized 

capabilities in their workflows 

From the data management perspective, the main challenges are  

• exponential growth of biological databases 

• disparity of data representation formats  

• data semantics and provenance, data quality and versioning control of datasets.  
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Figures 
Figure 1  - Case Study 1. Comparison of four methods of domain-based 
homology 

 

Results of four approaches to domain-based functional homology of the LIC family 

(1.A.9 TCDB). White-colored columns reports results for the distinct-partners 

function. Purple columns report the inverse document coefficient function. Green 

columns report the cumulative association coefficient function. Yellow columns 

report results of using the Jaccard function. For composition patterns, optional 

domains are designated using [1] and while | denote the selection of only one option. 
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1.A.9.3.2 HCLA IPR006028 IPR006029 
IPR006201 IPR006202

7 27 [1.0-1.0] 7 27 [1.0-1.0] 7 27 [1.0-1.0] 7 27 [1.0-1.0]

1.A.9.3.3 HCLB
IPR006028 IPR006029 
IPR006201 IPR006202 

IPR018000
30 259 [1.0-1.0] 30 259 [1.0-1.0] 30 259 [1.0-1.0] 30 259 [1.0-1.0]

1.A.9.4 GLUCL
{ IPR006028 IPR006029 } 

IPR006201 IPR006202 
IPR015680 IPR018000

152 152 [1.0-0.814] 89 88 [1.0-0.9133] 87 87 [1.0-0.9090] 86 86 [1.0-0.8571]

1.A.9.5.1 
1.A.9.5.2 GBRB

IPR002289 IPR006028 
IPR006029 IPR006201 
IPR006202 IPR018000

143 143 [1.0-0.8973] 130 130 [1.0-0.9013] 130 130 [1.0-0.9090] 130 130 [1.0-0.9130]

1.A.9.5.2 GBRAP IPR004241 470 470 [1.0-0.3333] 470 470 [1.0-0.5215] 470 470 [1.0-0.6666] 470 470 [1.0-0.2500]

1.A.9.5.2 GBRA2
IPR001390 IPR005432 
IPR006028 IPR006029 
IPR006201 IPR006202  

IPR018000

77 77 [1.0-0.2033] 113 113 [1.0-0.7949] 113 113 [1.0-0.8333] 113 113 [1.0-0.7143]

1.A.9.6
MOD-1, 
LGC-53, 
LGC-40, 
LGC 55

IPR006028 IPR006029 
IPR006201 IPR006202 

{IPR018000}

5 286 [1.0-1.0] 5 286 [1.0-1.0] 5 286 [1.0-1.0] 5 286 [1.0-1.0]

1.A.9.7 EXP_1
IPR006028 IPR006029 
IPR006201 IPR006202 

IPR018000
3 259 [1.0-1.0] 3 259 [1.0-1.0] 3 259 [1.0-1.0] 3 259 [1.0-1.0]

1.A.9.8 GLVI IPR006028 IPR006201 
IPR006202

2 2 [1.0-1.0] 2 2 [1.0-1.0] 2 2 [1.0-1.0] 2 2 [1.0-1.0]

1.A.9.9 ELIC IPR006201 IPR006202 25 150 [1.0-1.0] 25 150 [1.0-1.0] 25 150 [1.0-1.0] 25 150 [1.0-1.0]

1.A.9 other LIC 
related 381 473 529 538
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Figure 2  - Case Study 2. Prokaryotic homologs of the LIC family 

A list of likely prokaryotic homologs of the LIC family (1.A.9 TCDB) identified by 

GenBank id number. Highlighted in blue are two confirmed prokaryotic members of 

the LIC family: GLVI (GenBank: NP_927143.1), and ELIC (PDB: 2VL0). 

 

Figure 3  - Case Study 3. Comparison of the total protein/domain content for 23 
genomes of E. coli and H. Sapiens 

 

Histogram, on a logarithmic scale, that displays the total counts of proteins, Interpro 

domains, and proteins with only pathogenic domains for each strain of E. coli and for  

H. sapiens. 
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Figure 4  - Case Study 3. Comparison of the total protein/domain content for 23 
genomes of E. coli and H. sapiens.  Venn diagram 

 

Venn diagram describing the domain distribution of pathogenic and commensal E. 

coli and H sapiens. 1602 domains are contained in all three classes of organisms. 

Commensal E. coli contains only 28 domains distinct from its pathogenic counterparts 

whereas 326 domains in pathogenic E. coli are unique. This group of pathogen-unique 

domains comprises a pool of potential targets for inhibiting pathogenicity in these 

microbes.  

  



 - 21 - 

 

Figure 5  - Workflow performance as a function of ensemble width 
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Measure walltime (hr) versus the maximum number of available concurrent 

processors. The workflow can use fewer than the maximum depending on the total 

number of jobs that comprise the ensemble. The data are for processing of E. coli 

(W3110) 
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Figure 6  - Parallel performance for the ScoreMatrix program 
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Measured speedup (SU) and walltime (sec) for the ScoreMatrix step of a typical 

MotifNetwork analysis.  Quantities are versus the number of applied processors. Data 

are for H. sapiens. 

Figure 7  - Parallel performance for the WebMatrix program 
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Measured speedup (SU) and walltime (sec) for the WebMatrix step of a typical 

MotifNetwork analysis.  Quantities are versus the number of applied processors. Data 

are for H. sapiens. 

Tables 
Table 1  - Interpro domains of the LIC family 
 

IPR001390 Gamma-aminobutyric-acid A receptor, alpha subunit 
IPR002289 Gamma-aminobutyric-acid A receptor, beta subunit 
IPR002394 Nicotinic acetylcholine receptor, N-terminal 
IPR004241 MAP1_LC3 
IPR005432 Gamma-aminobutyric-acid A receptor, alpha 2 subunit 
IPR006028 Gamma-aminobutyric acid A receptor 
IPR006029 Neurotransmitter-gated ion-channel transmembrane region 
IPR006201 Neurotransmitter-gated ion-channel 
IPR006202 Neurotransmitter-gated ion-channel ligand-binding 
IPR008060 Glycine receptor beta 
IPR008127 Glycine receptor alpha 
IPR008128 Glycine receptor alpha1 
IPR008129 Glycine receptor alpha2 
IPR008130 Glycine receptor alpha3 
IPR008132 5-hydroxytryptamine 3 receptor 
IPR008133 5-hydroxytryptamine 3 receptor, A subunit 
IPR008134 5-hydroxytryptamine 3 receptor, B subunit 
IPR015680 Glutamate-Gated Chloride Channel 
IPR018000 Neurotransmitter-gated ion-channel, conserved site 
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