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Abstract 
Multidrug resistance protein 5 (MRP5/ABCC5) is a 161 kDa member of the super family of ATP- 
binding cassette (ABC) superfamily of transmembrane transporters that is clinically relevant for 
its ability to confer multidrug resistance by actively effluxing anticancer drugs. ABCC5 has also 
been identified as an efflux transporter of cGMP (cyclic guanosine monophosphate). Elevated int- 
racellular levels of cGMP in cancer cells have been implicated in several clinical studies, that may 
induce apoptosis, and as a result many different cancer cells seem to overcome this deleterious 
effect by increased efflux of cGMP through ABCC5. Thus inhibition of ABCC5 may have cytotoxic 
effects mediated through cGMP and it will also increase the intracellular concentration of other 
drugs that are aimed for the treatment of cancer which are otherwise exported out of the cells. 
Considering the functional importance and lack of X-ray crystal structure of ABCC5, present work 
was undertaken to construct 3D structure of protein using homology modeling protocol of YASARA 
structure (V. 16.3.28). In this study, five different ABC templates (PDB ID’s: 4F4C, 4Q9H, 4M1M, 
4M2T and 4KSD) were used for homology modeling. Five models were constructed on each tem-
plate and a hybrid model was built using all five templates. All models were refined and ranked as 
per their overall Z-score. The top ranked ABBC5 model was based on template 4Q9H that had 91.2% 
of residues in allowed regions as revealed by PROCHECK-NMR and the QMEAN score was 0.54 
which indicated a reliable model. The results of the study and the proposed model can be further 
used for elucidating the structural and functional aspects of ABCC5 and to gain more insights to 
the molecular basis of ABCC5 inhibition through docking studies. 
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1. Introduction 
ABCC5 belongs to the ABC transporters, which are structurally related membrane proteins featuring intracellu-
lar motifs that exhibit ATPase activity [1]. This nucleotide binding domain (NBD), which contains the Walker A 
and Walker B motifs, cleaves ATP’s terminal phosphate to energize the transport of substrate molecules against 
a concentration gradient. ABC genes are highly conserved within species, indicating that these genes may have 
been present since the beginning of eukaryotic evolution [1] [2]. The putative structure of ABCC5 consists of 12 
transmembrane helices (TMH) and 2 NBDs (Figure 1). 

Clinical studies have shown that extracellular cGMP levels are elevated in various types of cancer [3]-[6]. The 
human ABC transporter ABCC5 transports cGMP out of cells, and the increased cGMP efflux from cancer cells 
may be caused by an up regulation of ABCC5. The ability of ABCC5 to transport cGMP suggests that it may be 
playing a biological role in cellular signaling by eliminating the nucleotides from the cells [7]. Increased cGMP 
efflux by ABCC5 may be one mechanism whereby cancer cells can develop resistance against endogenous 
growth control, and also against antineoplastic drugs which are substrates for ABCC5. cGMP regulates several 
apoptosis-associated genes, and therefore intracellular elevation of cGMP concentration by inhibition of ABCC5 
efflux may give cytotoxic effects [8].  

No X-ray crystal structure of ABCC5 has been reported, but molecular models of ABCC5 may be constructed 
by homology using a known 3D crystal structure of an evolutionary related protein as a template. Different 
models of ABCC5 [9] [10] are previously presented in outward-facing conformations and inward-facing con-
formations based on the Staphyllococcus aureus ABC transporter Sav1866 [11], which has been crystallized in 
an outward-facing ATP-bound state, and on the Escherichia coli MsbA, which has been crystallized in a wide 
open inward-facing conformation [12]. In this study, multiple homology models of ABCC5 are constructed on 
the X-ray crystal structure of five different ABC transporters (PDB IDs: 4F4C, 4Q9H, 4M1M, 4M2T and 4KSD) 
and all models are ranked as per their structural quality. The template resolution of different crystal structures 
ranged from 3.8 - 4.1 Å and the sequence identity between templates and human ABCC5 are in range 20.7% - 
22.8%, clearly implying that the ABCC5 homology models has elements of uncertainty. 

2. Results and Discussion 
The best homology model of ABCC5 was model number 22 (Table 1 lists all models that were built on different 
templates) and this model was based on crystal structure of P-glycoprotein (PDB ID: 4Q9H) of 3.4 Å (Figure 2). 
The model was in an inward facing conformation with the NBD’s separated by approximately 26 Å. A large in-
ternal cavity open to the cytoplasm was formed by 2 TMD. TMD 1 comprise of TMHs 1, 2, 3, 6, 10, 11 and 
TMD 2 comprise of TMHs 4, 5, 7, 8, 9, 12 as shown in Figure 3. The secondary structure of the model is de-
picted in Figure 4. 

The Walker A motifs consisted of a coiled loop and a short α-helix (P-loop), and the Walker B motifs were in 
β-sheet conformation and localized in the NBD’s hydrophobic cores, which consisted of 5 parallel β-sheets and 
1 anti-parallel β-sheet. In NBD1 the Walker A has residues from Gly595-Thr602, Q-loop from Gln630-Asn636, 
C motif from Leu685-Arg692, Walker B from Ile705-Asp709, D-loop from Ser713-Asp716, H-loop from 
Thr741-Gln743 and in NBD2, the Walker A starts from Gly1227-Ser1234, Q loop from Gln1275-Gly1282, 

 

 
Figure 1. Topology of ABCC5 showing 2 transmembrane domain (TMD 1 
and TMD 2). and 2 NBDs (NBD 1 and NBD 2) with respective Walker A, C 
Motif and Walker B.                                                     
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Table 1. Structural analysis of ABCC5 models.                                                                

Model 
No. 

Quality Z-Score (YASARA) 
DOPE Score 
(Modeller) 

Normalized 
Dope Score 

Model 
Ranking 
Yasara 

Sequence 
Identity 

Sequence 
Similarity 

Number of 
Amino Acids 

in Model 
Template 

Dihedrals Packing 
1D 

Packing 
3D Overall 

1 −0.487 −2.15 −2.124 −1.897 −168486.468750 −0.595 22 22.80% 43.30% 1376 4F4C_A 

2 −0.526 −2.329 −2.138 −1.979 −171534.421875 −0.53 24 22.40% 42.00% 1425 4F4C_A 

3 −0.644 −2.325 −2.208 −2.027 −169700.984375 −0.439 25 22.50% 41.70% 1425 4F4C_A 

4 −0.345 −2.224 −2.053 −1.872 −170695.406250 −0.488 20 22.20% 41.40% 1425 4F4C_A 

5 −0.348 −2.272 −2.064 −1.896 −170375.265625 −0.472 21 22.70% 42.30% 1425 4F4C_A 

6 −0.536 −1.903 −1.792 −1.653 −156877.593750 −0.427 15 21.10% 40.90% 1302 4KSD_A 

7 −0.456 −1.865 −1.661 −1.566 −156596.984375 −0.412 9 20.80% 40.40% 1302 4KSD_A 

8 −0.305 −1.835 −1.671 −1.537 −156808.718750 −0.424 6 20.80% 40.40% 1302 4KSD_A 

9 −0.438 −1.859 −1.697 −1.578 −156862.031250 −0.426 10 20.80% 40.50% 1302 4KSD_A 

10 −0.362 −2.027 −1.688 −1.628 −156068.031250 −0.381 14 20.70% 40.50% 1303 4KSD_A 

11 −0.268 −2.024 −1.681 −1.61 −158170.953125 −0.513 13 21.60% 41.90% 1300 4M1M_B 

12 −0.409 −1.935 −1.677 −1.594 −157432.718750 −0.473 11 21.40% 41.70% 1300 4M1M_B 

13 −0.173 −1.867 −1.604 −1.499 −158505.031250 −0.532 5 21.50% 41.90% 1300 4M1M_B 

14 −0.143 −1.971 −1.66 −1.561 −158602.656250 −0.537 8 21.60% 42.40% 1300 4M1M_B 

15 −0.343 −1.967 −1.677 −1.597 −158682.015625 −0.541 12 21.50% 41.70% 1300 4M1M_B 

16 −0.428 −2.071 −1.867 −1.738 −161458.765625 −0.543 16 22.40% 42.40% 1323 4M2T_A 

17 −0.346 −2.177 −1.966 −1.814 −157248.140625 −0.317 18 21.70% 41.80% 1323 4M2T_A 

18 −0.419 −2.237 −2.075 −1.898 −158644.484375 −0.392 23 21.50% 41.60% 1323 4M2T_A 

19 −0.293 −2.245 −1.929 −1.815 −157958.218750 −0.355 19 22.40% 42.10% 1323 4M2T_A 

20 −0.385 −2.118 −1.899 −1.765 −157021.656250 −0.305 17 22.10% 41.70% 1323 4M2T_A 

21 −0.312 −1.862 −1.513 −1.475 −158660.609375 −0.393 4 21.60% 41.50% 1323 4Q9H_A 

22 −0.32 −1.788 −1.483 −1.433 −159356.093750 −0.43 1 21.70% 41.30% 1323 4Q9H_A 

23 −0.292 −1.79 −1.561 −1.466 −159696.781250 −0.448 2 21.80% 41.60% 1323 4Q9H_A 

24 −0.319 −1.924 −1.602 −1.542 −159284.046875 −0.426 7 21.50% 41.20% 1323 4Q9H_A 

25 −0.213 −1.877 −1.521 −1.47 −159755.703125 −0.452 3 21.60% 41.50% 1323 4Q9H_A 

26 −0.668 −1.408 −2.067 −1.607 −179232.546875 −0.862 - - - 1435 All 5 
templates 

 
C motif from Phe1330-Gln1336, Walker B from Ile1350-Asp1354, D-loop from Ala1358-Asp1361 and H-loop 
from Ala1385-Arg1387. The connecting extracellular loop between TMH7 and TMH8 in the model was about 
39 amino acids long (Ser872-His910) and this was consistent with the PROSITE [14] predictions of TMH from 
848 - 868 and 917 - 937 in ABCC5. NBD1 and TMD2 were connected with 2 α-helices (Thr800-Lys821, 
Gln832-Gly837) and three loops (Asn783-Glu799, Ala822-Val831 and Gln838-Trp843). The fact that needs to 
be considered here that this long loop was not present in the template, and that modeling loops of this length is 
relatively inaccurate and consequently the modeled loop structures must be regarded as ambiguous. The loop is 
approximately 42 Å from the binding pocket, and accordingly, the inclusion of this loop may not be necessary 
for the purpose of any future studies like docking on this model. 

The Errat option of the Structural Analysis and Verification Server (SAVES) 
http://nihserver.mbi.ucla.edu/SAVES/ reported that the overall quality factor of the ABCC5 model was 98.022, 

http://nihserver.mbi.ucla.edu/SAVES/
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Figure 2. Superimposition of the ABCC5 model (blue) and the template x-ray crystal structure of the p-glycoprotein (red) 
[13]. Alignment score: 0.123, RMSD: 1.606 Å.                                                                 
 

 
Figure 3. (a) Arrangement and orientation of different TMHs in ABCC5 (The structures are drawn in cartoon: helices as 
tubes, beta-sheets as arrows, turn and coil as wires. The residues are colored by residue type: non-polar residues in grey, po-
lar-residues in green, basic residues in cyan and acidic residues in red). (b) Molecular surface of ABCC5 model: The resi-
dues are colored in blue for the most hydrophilic, to white, and to brown for the most hydrophobic. Horizontal black lines 
delineate the approximate location of lipid head groups forming bilayer containing 2 TMDs and the curved lines indicate the 
position of 2 NBDs.                                                                                       
 
and a value above 90 indicates a good model. According to the Ramachandran plot (Figure 5) provided by the 
Procheck option, 91.2% of the ABCC5 residues were in the most favored regions, 7.6% were in additional al-
lowed regions, 0.6% were in generously allowed regions, and 0.6% were in disallowed regions. The overall 
G-factor value of the model was −0.17 indicating that geometry of model corresponds to the probability con-
formation with 91.2% residue in the core region showing high accuracy of model prediction. 
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Figure 4. Secondary structure of ABCC5 model (Helix is represented as blue cylinders, β-strand as red arrows, coils as cyan 
and, turns as green connecting lines).                                                                       
 

 
Figure 5. Ramachandran plot of ABCC5 model.                                                                     
 

The summary of the what check option reported that the ABCC5 model was found to be satisfactory. ProSA 
was used to check the three dimensional model of ABCC5 for potential errors [15]. The program displays 2 
characteristics of the input structure: its Z-score and a plot of its residue energies. The Z-score of −11.61 indi 
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cates the overall model quality of ABCC5 (Figure 6) and it also measures the deviation of total energy of the 
structure with respect to an energy distribution derived from random conformations. The score is indicating a 
highly reliable structure that is well within the range of scores typically found for proteins of similar size. The 
energy plot shows the local model quality by plotting knowledge-based energies as a function of amino acid se-
quence position. 

QMEAN analysis was also used to evaluate and validate the model [16]. The QMEAN score of the model 
obtained was 0.54 and the Z-score was −2.44. The QMEAN analysis reflects the good quality of the model be-
cause the estimated reliability of the model was expected to be in between 0 and 1 and this can be inferred from 
the density plot for QMEAN scores of the reference set (Figure 7). Comparison with non-redundant set of PDB 
structures in the plot between normalized QMEAN score and protein size revealed different set of Z-values for 
different parameters such as C-beta interactions (−2.37), interactions between all atoms (−1.40), solvation 
(−2.25), torsion (−3.69), SSE agreement (0.37) and ACC agreement (−1.55) which can be clearly observed 
(Figure 8). Some local error was also obtained for the ABCC5 model which was higher somewhere in between 
the residue from 1250 and 1300. The PROCHECK and QMEAN analysis of other best ranked ABCC5 models 
are summarized in Table 2. 

All 26 models were validated using DOPE [17] which computes the energy of the tertiary structure of a pro-
tein as the sum of the energy of pairs of atoms in the protein. The detailed structural analysis of all the models is 
provided in Table 1. The top ranked ABCC5 model (Model no. 22) has normalized dope score of −0.43, sug-
gesting that 60% of its C-α atoms are within 3.5 Å of their correct positions implying a reliable model. The 
overall Z-score of this model as determined by structural validation tools of YASARA was −1.433 and this 
model was ranked 1 in terms of stability and stereo chemical aspects. 

The presence of a well-defined binding site, shown in Figure 9, was probed through the MOE Site Finde pro-
gram. Table 3 reports the binding site score for the ABCC5 model and lists the residues composing the site. 
Predicted active site residues like ASN 441, GLN 1138 were consistent with ABCC5 model [9]. 

Other ABCC5 models that were ranked best among the five models built on each template are shown in Fig-
ure 10. The PDB files of the ABCC5 models are available upon request. 

3. Methodology 
Homology modelling of ABCC5 was performed using YASARA Structure (V. 16.3.28) that fully automatically 
takes all the steps from an amino acid sequence to a refined high-resolution model using a CASP approved pro-
tocol [18]. The target sequence (Uniprot ID: O15440) was PSI-BLASTed [19] against Uniprot to build a 
 

 
Figure 6. ProSA web service analysis of ABCC5 model. ProSA-web zscore of all protein chains in PDB determined by 
x-ray crystallography (light blue) or NMR-spectroscopy (dark blue) with respect to their length. The z-score of modeled 
ABCC5 is highlighted as large dot and the right graph is showing energy plot of model.                                
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Figure 7. Density plot for QMEAN showing the value of Z-score and QMEAN score.                                  
 

 
Figure 8. Plot showing the QMEAN value as well as Z-score.                                                     
 
position-specific scoring matrix (PSSM) from related sequences, then this profile was used to search the PDB 
for potential modelling templates. Common protein purification tags were excluded to avoid false positives. The 
templates were then ranked based on the alignment score and the structural quality according to WHATCHECK 
[20] obtained from the PDB Finder 2 database [21]. Usually models built using high-resolution X-ray templates 
are more accurate than those created from lower resolution X-ray or NMR templates, even if the latter share a 
higher percentage sequence identity. Models were finally built for the top scoring five templates in this study 
(Table 4). 
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Figure 9. Molecular surface of the binding site and filling dummy atoms in the ABCC5 model.                              
 
Table 2. PROCHECK and QMEAN analysis of other ABCC5 models.                                             

Evaluation of ABCC5 models 

Model number 4 8 13 16 26 (Hybrid) 

Template 4F4C 4KSD 4M1M 4M2T All 5 

Residues in most favored regions 91.3% 91.4% 92.2% 92.3% 89.8% 

Additional allowed regions 7.4% 6.3% 6.3% 6.3% 8.9% 

Generously allowed regions 0.7% 1.4% 0.9% 0.8% 0.5% 

Residues in disallowed regions 0.6% 0.9% 0.6% 0.6% 0.8% 

G factor 0.13 0.15 0.16 0.14 0.1 

Q mean 0.428 0.518 0.497 0.495 0.481 

Z Score −3.7 −2.71 −2.95 −2.96 −3.12 

 
Table 3. Binding site features of ABCC5 model (Size indicates the number of alpha spheres comprising the site. PLB is the 
propensity for ligand binding score for the contact residues. Hyd indicates the number of hydrophobic contact atoms in the 
receptor. Side indicates the number of sidechain contact atoms in the receptor).                                       

Model No. Size PLB HYD Side Residues 

22 218 4.55 60 106 

TMH 1: 169, 176; TMH 4: 322, 325, 326, 329; TMH 5: 406 - 407, 409 - 411, 413 - 
415, 418; TMH 6: 434 - 435, 438, 440, 441 - 442, 444 - 445, 448; TMH 7: 865, 
869; TMH 8: 917, 921, 925, 929; TMH 9: 994 - 995, 998; TMH 12: 1130, 1133 - 
1134, 1137 - 1138, 1141, 1144 - 1145 

 
To aid alignment correction and loop modelling, a secondary structure prediction for the target sequence was 

obtained by running PSI-BLAST to create a target sequence profile and feeding it to the PSI-Pred secondary 
structure prediction algorithm [25]. For each available template, the alignment with the target sequence was 
performed after taking into account additional information like sequence-based profiles of target and template 
calculated from related Uniprot sequences, optionally augmented with structure-based profiles from related 
template structures. The alignment of the ABCC5 sequence with all five templates is depicted in Figure 11. 

The alignment also considered the structural information contained in the template (avoiding gaps in second- 
dary structure elements, keeping polar residues exposed etc.), as well as the predicted target secondary structure 
[27]. This structure-based alignment correction is partly based on SSALN scoring matrices [28]. If the alignment 
is not certain, alternative high-scoring alignments were created using a stochastic approach [29], and models 
were built for all of them. If templates exist in oligomeric states (according to the PQS database), models may 
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Figure 10. ABCC5 models (a) model number 4 based on template 4F4C; (b) model number 8 based on template 4KSD; (c) 
model number 13 based on template 4M1M; (d) model number 16 based on template 4M2T and (e) model number 26, a hy-
brid model based on all five templates).                                                                          
 
Table 4. Templates used for homology modelling.                                                                 

Template Total score BLAST 
E-value Alignscore Cover PDB ID Resolution Description 

1 208.5 5.00E−124 612 82% 4F4C-A 3.40 Å 

The crystal structure of the 
multi-drug transporter 

[22] (1250 residues with 
quality score 0.417) 

2 201.26 2.00E−108 563 77% 4Q9H-A 3.40 Å P-glycoprotein [13] (1182 residues 
with quality score 0.467) 

3 194.45 3.00E−109 559 77% 4M1M-B 3.80 Å 

Corrected structure of 
mouse P-glycoprotein [23] 

(1180 residues with 
quality score 0.454) 

4 176.57 3.00E−109 558 77% 4M2T-A 4.35 Å 

Corrected structure of mouse 
P-glycoprotein bound to 

Qz59-sss [23] (1188 residues with 
quality score 0.413) 

5 175.56 1.00E−108 552 76% 4KSD-A 4.10 Å 

Structures of P-glycoprotein reveal its 
conformational flexibility and an 
epitope on the nucleotide-binding 

domain [24] (1182 residues 
with quality score 0.417) 
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Figure 11. Amino acid sequence alignment of human ABCC5 and 5 templates (4F4C, 4Q9H, 4M1M, 4M2T and 4KSD). 
The alignment was visualized by using Jalview [26]. The aligned residues are colored based on their type using the clustlx 
color scheme.                                                                                               
 
be built in the same state, so that interactions between side-chains across the interface can be considered. This 
includes all kinds of hetero-oligomers, e.g. a homo-dimer of two hetero-dimers. In case of insertions and dele-
tions, an indexed version of the PDB is used to determine the optimal loop anchor points and collect possible 
loop conformations. If templates contain ligands, these molecules were parameterized and fully considered in 
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the homology modelling procedure, including hydrogen bonding and other interactions with the peptide chain. 
After initial model building the loops were optimized by trying hundreds of different conformations and 
re-optimizing the side-chains for all of them. Side-chain rotamers were fine-tuned considering electrostatic and 
knowledge-based packing interactions as well as solvation effects. After the side-chains optimization the newly 
modelled parts were subjected to a combined steepest descent and simulated annealing minimization (i.e. the 
backbone atoms of aligned residues were kept fixed to avoid potential damage). The model’s hydrogen bonding 
network was optimized, including pH-dependence and ligands. An unrestrained high-resolution refinement with 
explicit solvent molecules was run, using the latest knowledge-based force fields. The result was validated to 
ensure that the refinement did not move the model in the wrong direction. The tasks above were performed for 
all combinations of templates and alignments, per-residue quality indicators for the resulting models were de-
termined. A hybrid model (model no. 26) was also built in which bad regions in the top scoring model were ite-
ratively replaced with corresponding fragments from the other models. The binding site of the model was identi-
fied through the MOE Site finder program, which uses a geometric approach to calculate putative binding sites 
in a protein, starting from its tridimensional structure. This method is not based on energy models, but only on 
alpha spheres, which are a generalization of convex hulls [30]. 

4. Conclusion 
In silico studies in general and molecular modeling techniques have been of great help in understanding the 
structure, function and mechanism of the action of proteins, particularly the membrane proteins. The present in-
vestigation was carried out with major objective to model the ABCC5 protein using different templates and sub-
jecting models so obtained for structural validation using different analysis tools like PROCHECK, ProSA and 
QMEAN. ABCC5 model based on 4Q9H was found to be reliable in terms of stereochemistry with G-factor 
value of −0.17 indicating that the geometry of model correlated to the probability conformation with 91.2% 
residue in the core region of Ramachandran plot showing very high accuracy of model prediction. Z score of 
−11.61 predicted by ProSA represented the good quality of the model. The predicted binding site had the resi-
dues as enumerated in previously reported ABCC5 model. The predicted 3D structure will provide more insight 
in understanding the structure and function of the protein. Moreover, this structure can be used for drug design-
ing or understanding the interactions of ligand with the active site residues. 
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