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ABSTRACT 

The function of ABC transporter proteins, such as ABCB1, is to transport substrates across cell membranes in many 
organs. ABCB1 can be found in multiple species, however, the sequence we annotated is derived from Equus caballus 
(horse). The objective of this research was to annotate and construct a structural homology model of the horse-derived 
P-glycoprotein. We classified the protein as a transmembrane ATP-binding cassette (ABC) protein ABCB1. Annota-
tion of the sequence (which is not yet manually curated in NCBI at the time of writing) was carried out using various
tools including BLAST, TMHMM, PFAM, HMM Logo etc. and supports its designation as ABCB1 or P-glycoprotein
of horse. The homology model was constructed using SWISS-MODEL based on the structure of human P-glycopro-
tein (PDB code: 6c0v). Three structures that share high sequence-identity were chosen for analysis. Two homology
models were prepared using the cryo-EM structures of human ABCB1 (PDB code: 6qex) and human-mouse chimeric
P-glycoprotein (PDB code 6qee). The model using the structure of human P-glycoprotein (PDB code: 6c0v) as a
template had the highest QMEAN score, Ramachandran favorability, and the most favorable MolProbity score. That
model was evaluated using ProCheck and energy minimized using Chiron to give rise to the final model. Energy
minimization resolved an unmodeled loop from Q625 to V691 and corrected other minor distortions. The clash ratio
of the energy minimized model indicated that there are few clashes in the structure. Based on analysis of the structure
validation parameters, the best homology model of equine P-glycoprotein was derived using the human P-glycoprotein
(PDB: 6c0v) as a template.

Introduction 

The function of ABC transporters is to transport substrates across cell membranes using ATP-dependent processes 
(Kopcho, et al., 2019). ABCB1 transports substrates (such as drugs) in many organs and may impair drug absorption 
in the digestive tract (Finch and Pillans, 2014). The ABC protein subfamily B member 1 (ABCB1) is a P-glycoprotein 
that is involved in toxin-protection in the liver and blood-brain barrier (Vore, 2019). ABCB1 proteins are of particular 
interest to pharmacologists and biochemists since they are overexpressed in drug resistant and tumor cells, hence the 
protein also is also known as the multi-drug resistant (MDR1) protein (Vore, 2019). This protein can be found in 
multiple species including donkey (Equus asinus) and walrus (O. rosmarus) (Camacho, et al., 2008). However, the 
sequence we annotated is derived from Equus caballus (Camacho, et al., 2008, O’Leary, et al., 2016). ABCB1 may 
have a role in drug transport in horses, especially for those with pathways through the digestive tracts, such as anal-
gesics like methadone (Linardi and Natalini, 2006) (Linardi, et al., 2012). ABCB1 has also been linked to the expulsion 
of chemotherapeutic drugs from cells in other species, such as humans (Goodsell, 2010, Alam, et al., 2019). Homology 
modeling is a process by which similar sequences to the target query sequence are identified and used as a template 
for the development of a novel model (Bordoli, et al., 2008). We constructed a novel model of horse P-glycoprotein 
using homology modeling.  E. caballus horse-derived P-glycoprotein (Reference Sequence: XP_014594657.1) is a 
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predicted multi-drug resistant ABCB1 P-glycoprotein, (O’Leary, et al., 2016). The purpose of this study is to use 
various bioinformatics programs to collect important structural information on the horse-derived P-glycoprotein and 
to apply that information to construct an appropriate model through homology modeling.  
 
 

Materials and Methods 
 
Annotation 
 
First, the sequence was annotated using several web-based servers and tools. A basic local alignment search tool 
(BLAST) search was conducted to identify and analyze similar structures across species (Camacho, et al., 2008). Then, 
the number of transmembrane helices on the protein and the cellular location of the protein was predicted by several 
programs, including TMHMM (Sonhammer, et al., 2001); WolfPSORT (Horton, et al., 2007); Phobius (Kall, et al., 
2007); TMPred (Hoffman and Stoffel, 1993); and HMMTop (Tsunady and Simon, 2001). The structure of the protein, 
including its domains, was analyzed through the Pfam  (El-Gebali, et al., 2019), which was then visualized using 
Skylign (Wheeler, et al., 2014). Finally, the protein was given a name based on the information from this analysis.  
 
Homology Modeling 
 
The methods for homology modeling were derived from a protocol developed by Berdoli, et al. (2008). The three 
templates with the highest sequence identities were selected for analysis. Homology models were created for these 
templates using SwissModel (Waterhouse, et al., 2018) and compared to each other using their Molprobity scores, 
QMEAN scores, and Ramachandran plots (Benkert, et al., 2009; Bienert, et al., 2017). The top two models were 
compared for the selection of one final model that was used to construct the equine P-glycoprotein model. The model 
was evaluated for proper stereochemistry and geometry through the PDBSUM (ProCheck) (Lakowski, et al., 1993) 
and SAVES (SAVES v.5 is another model-validation software that includes WhatCheck, verify 3D, Errat, PROVE 
and PROCHECK programs) (https://servicesn.mbi.ucla.edu/SAVES/). The final structure was energy-minimized by 
Chiron (Ramachandran, et al., 2011) and visualized on the NCBI Structure Viewer (iCN3D) (Wang, et al., 2020).  
 

Results 
 
Annotation  
 
Basic Information 
 
E. caballus (horse)-derived p-Glycoprotein, which is labelled as a multi-drug resistant ABCB1 P-glycoprotein by the 
NCBI (Reference Sequence: XP_014594657.1) has a sequence, which is 1275 amino acids in length, the sequence is 
attached in the supplementary material and was derived from NCBI (O’Leary, et al., 2016). 
  
Cellular Localization 
 
Five programs were used to determine the structure of the sequence (TMHMM, WolfPSORT, Phobius, TMPred, 
SACS HMMTOP). TMHMM predicted the presence of 10 transmembrane alpha helices, each with 244 amino acids 
(see Figure 1A). However, this data is inconsistent with both the known structure of ABC proteins, as well as the 
number of amino acids in the sequence (1275 amino acids). Therefore, other programs had to be used to obtain a more 
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accurate prediction. WolfPSORT was able to predict that the localization of the protein is consistent across species. 
Based on the WolfPSORT search, one can conclude that the protein is an integral membrane protein, with the highest-
identity results coming specifically from MDR1. The phobius program suggested that parts of the P-glycoprotein are 
in the cytoplasm, while other parts are not. This program, in contrast to the WolfPSORT and TMHMM, predicts the 
presence of 12 alpha helices (see Figure 1B). Given the fact that the WolfPSORT predicts that the protein is an integral 
membrane protein, it is reasonable to hypothesize that the P-glycoprotein has parts that are localized in the membrane 
as well. Because this data differs from the two previous sets, more localization analyses were required. The TMPred 
results showed that from inside helices to outside helices, 12 helices were found, but when counted from outside to 
inside, 14 helices were counted. The strongly-preferred model (which, according to the TMPred description of the 
data, is highly speculative) showed 11 strong transmembrane helices (see Figure 1.C). The final program of analysis, 
SACS HMMTOP, aligns the amino acid sequence such that 12 transmembrane helices exist on the protein, as shown 
below in the graphic produced (see Figure 1D). This analysis was supported by the structural evidence explored further 
in the annotation.  
 

 
Figure 1. Cellular Localization Predictions. The TMHMM (A) predicted that the p-glycoprotein had 10 transmem-
brane helices, each with 244 amino acids. The Phobius (B) results predicted 12 alpha helices. TMPred (C) predicted 
that 11 strong transmembrane helices existed. The SACS HMMTOP (D) alignment showed 12 transmembrane helices, 
and was most supported by structure-based evidence.  
 
Structure-Based Evidence 
 
The amino acid sequence was entered into the Pfam database for domain analysis. According to Pfam, there are four 
significant domains in this protein structure, including two ABC Transporter Transmembrane domains, each of which 
contain six transmembrane alpha helices, and two ABC Transporter domains (El-Gebali, et al., 2019) or nucleotide 
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binding domain (NBD’s). This structure is consistent with that of other ABC proteins, and supports the cellular local-
ization prediction of 12 transmembrane alpha helices. Transmembrane domains function as the main structural units 
of ABC proteins, while NBD’s are water-soluble ATP-binding domains that provide the power for the pump. ABC 
transporters typically have two nucleotide-binding domains (NBDs) and two transmembrane domains (TMDs). In 
Equine P-glycoprotein, the two NBD’s contain Walker A (GNSGCGKS, GSSGCGKS) motifs between amino acids 
425-432 (NBD1) and between amino acids 1066-1073 (NBD2). Both NBD’s each have an LSGGQ amino acid se-
quence (amino acids 526-630, and 1171-1175, respectively). Pfam was used to generate an HMM logo, which was 
visualized by Skylign (Figures 2A and 2B) 
 

 
Figure 2. HMM logo and motifs found within it. The HMM logo (A) has the Walker A (B) and LSGGQ (C) motifs 
found on ABC Tran domains. ABC transporters’ ABC Tran domains each have a Walker A and LSGGQ motif, there-
fore, the HMM logo of the sequence is supported by the structural information available. 
 

The annotation supports the designation of the protein sequence as belonging to Equine P-glycoprotein. Ho-
mology modeling was then used to generate a predicted protein model. 
 
Homology Modeling 
 
Phases of Data  
 

1) Three templates were selected from the SWISS-MODEL search.  
2) These three templates (Template 1: PDB 6qex., Template 2: PDB 6c0v, Template 3: PDB 6qee) had the 

highest sequence similarities (0.58, 0.58, 0.57) and, with the exception of Template 2, the highest identity 
scores (91.5%, 91.2%; Template 3 had 88.1 % but was greater in similarity than the HHblits version of that 
template). Models were derived from these templates (Table 1). 
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3) Based on the structure analyses for all three models, the two selected for further analysis and comparison 
were 6qex and 6c0v.  

4) The model based on the template 6c0v (model 2) was selected as the final model based on having a higher 
Ramachandran favorability than the 6qex (95.7% vs. 94.4%, respectively), having a more favorable torsion 
score (-2.00 vs. -2.67) and QMEAN score (-2.54 vs. -2.83), all of which indicate a less distorted and more 
native model based on the amino acid sequence. 

5) According to the ProCheck data, the model from template 6c0v.1.A. is of “good quality,” based upon its 
Ramachandran favorability being above 90% (92.3% in most favored regions) and a G-factor score (opti-
mally above -0.5) that indicates that the model is not an unusual structure (0.01 average score). 

6) The final model after energy minimization had a clash score of 0.0087654 (Figure 3).  
 
Table 1. Template Data and Structure Comparison  
 

Template PDB ID: 6qex. 
% Sequence identity: 91.5 
Found by: BLAST 
Resolution: N/A 
Sequence similarity: 0.58 
Coverage: 0.97 
Description/Name: Multidrug Re-
sistance Protein 1 
Method: Electron Microscopy 
Oligo state: hetero-1-1-1-mer 

 

Template PDB ID: 6c0v. 
% Sequence identity: 91.2 
Found by: BLAST 
Resolution: 3.40 angstroms 
Sequence similarity: 0.58 
Coverage: 0.97 
Description/Name: Multidrug Re-
sistance Protein 1 
Method: Electron Microscopy 
Oligo state: monomer 

 

Template PDB ID: 6qee. 
% Sequence identity: 88.1 
Found by: BLAST 
Resolution: N/A 
Sequence similarity: 0.57 
Coverage: 0.97 
Description/Name: ABCB1HM-
EQ 
Method: Electron Microscopy 
Oligo state: monomer 
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Figure 3. Final energy-minimized model. Original template-based model (left, PDB: 6c0v) beside the final Energy-
Minimized model (right). Note that the long unresolved loop (Q625-V691, shown by the arrow) is resolved by the 
energy-minimization.  
 

Discussion  
 
The production of a 3D model of a horse P-glycoprotein can contribute to a growing body of case studies that can be 
used for educational purposes. This case study can be used like that of Haddad, Adam, and Heger (2020), in which a 
model was constructed of the MAM1 domain in ALK receptor to demonstrate a set of instructions for optimizing 
one’s homology modeling. This would be an important tool in college-level courses related to biochemistry, bioinfor-
matics, organic chemistry, etc. We intend to also make a set of instructions that students can easily follow on a set of 
Powerpoint slides so that they can learn how to find the biochemical properties of proteins of interest and connect 
these properties to the way the proteins function at the cellular level. In the future, we expect to express the protein 
and validate its structure through CryoEM, and to explore inhibitory strategies for equine P-glycoprotein such that 
veterinary pharmaceuticals could effectively be administered to horses. Increasing the understanding of the function 
of P-glycoprotein in more species by homology modeling and CryoEM is another important endeavor that can further 
contribute to proteomic literature. 
 

Conclusion 
 
The model based on template (pdb code: 6c0v) had the highest QMEAN score of -2.54 and other favorable factors. 
The quality evaluations showed that the model selected was accurate for equine P-glycoprotein, but there were some 
unresolved factors due to 91.2% of sequence alignment with the template and sequence similarity of 58%. There 
existed a disorganized loop of discrepancies in the sequence (Q625-V691) in the initial template-derived model 
Energy minimization resolved some of the distortion of the model. Misalignment of the amino acid sequence will 
cause disorganized loops in the model, such as the loop in the original model (Q625-V691), however, since this struc-
ture was also unresolved in the CryoEM template we hypothesize that this loop could be a highly flexible region. The 
clash ratio of 8.77× 10 −3indicated that there are few clashes in the structure. The data supports the final structure 
of the model as being the most accurate.  
 

Limitations 
 
The annotation and homology modeling was carried out entirely online, and the structural analysis of the protein was 
based on pre-existing structural information and various software programs that analyzed an entered amino acid se-
quence. There are general and inherent limitations to using homology modelling to construct novel models of protein 
structures. The annotation information is limited to proteins that were of interest to other annotators. It is also important 
to note that even among similar protein structures, environmental factors, and even intramolecular conditions, such as 
the shifting of protein domains, can cause the functions of these proteins to vary in ways that may impact the reliability 
of using homologous structures to construct new models (Launay and Simonson, 2008). These limitations are exacer-
bated when homology modeling is used to study protein complexes (Launay and Simonson, 2008). Also, by depending 
solely on online tools rather than experimental structure-determination methods, such as CryoEM, of isolated horse 
P-glycoprotein, it is possible that the structure could be slightly different in nature than the expected structure produced 
by homology modeling. More information about its interactions with specific molecules can be found if this study is 
extended to include biochemical assays involving the protein, such as transport assays and substrate binding assays. 
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