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Functional hotspots revealed by mutational, evolutionary, and 
structural characterization of ABC transporters  

Libusha Kelly 
 

Membrane proteins serve as cellular gatekeepers, regulators, and sensors. Some 
examples of large membrane protein families with prominent roles in human health 
include ATP-binding cassette transporters (ABC) that protect cells from external toxins, 
G-protein coupled receptors that respond to extracellular signals, and voltage-sensing 
ion channels. Despite their importance for normal cellular function, less than 1% of the 
structures in the Protein Data Bank (PDB) are high-resolution structures of membrane-
bound proteins, providing only sparse data for structure-based functional annotation.  In 
the absence of structure, mechanistic insight into membrane protein function is lacking. 
In contrast, sequence databases are growing rapidly and include large numbers of 
uncharacterized genetic variants found in the human genome. Here, I use computational 
methods to improve functional annotation of point mutations in human membrane 
proteins, focusing on a large and diverse group of membrane transporters, the ABC 
transporter superfamily. 
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 1 

1 Introduction 
 
 
Membrane proteins serve as cellular gatekeepers, regulators, and sensors. Some 

examples of large membrane protein families with prominent roles in human health 

include ATP-binding cassette transporters (ABC) that protect cells from external toxins, 

G-protein coupled receptors that respond to extracellular signals, and voltage-sensing 

ion channels. Despite their importance for normal cellular function, less than 1% of the 

structures in the Protein Data Bank (PDB) are high-resolution structures of membrane-

bound proteins, providing only sparse data for structure-based functional annotation.  In 

the absence of structure, mechanistic insight into membrane protein function is lacking. 

In contrast, sequence databases are growing rapidly and expanding the universe of 

known membrane protein families and folds. The intractability of membrane proteins to 

experimental methods, as demonstrated by the dearth of crystal structures, also leads to 

incomplete functional annotation. Here, I use computational methods to improve 

functional annotation of point mutations in human membrane proteins, focusing on a 

large and diverse group of membrane transporters, the ABC transporter superfamily. 

 

ABC transporters couple the action of ATP binding, hydrolysis, and release to substrate 

transport across a cellular membrane. The work in this thesis encompasses three major 

projects: (1) Cataloguing the membrane protein content of a diverse set of organisms, 

(2) assessing the effects of domain interactions on ABC transporter function, and (3) 

discovering functional hotspots and predicting the effects of point mutants in ABC 

transporter proteins. The goal of this first chapter is to present an overview of the current 

knowledge of ABC transporter evolution, structure, biochemical function, and role in 

human disease.  
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The evolution of ABC transporters 
 
ABC transporters are found throughout the tree of life in organisms from archaeons to 

mammals. Although domain topologies vary, as discussed below, the basic functional 

unit, consisting of a coupled set of transmembrane and globular domains is conserved in 

all organisms. Much of our knowledge about ABC transporters comes from functional 

and structural data from distant relatives of the human proteins, such as the vitamin B12 

transporter from Escherichia coli (1) and the Sav1866 multidrug resistance homolog 

from Staphylococcus aureus (2).  

 

ABC transporters have both import and export capability, although importers are found 

almost exclusively in prokaryotes while exporters are found broadly across the tree of life 

(3). In bacteria, ABC transporters serve vital roles as importers of organic ions, peptides 

and amino acids (4). In vertebrates, ABC transporters serve both endogenous and 

protective roles as exporters of toxic metabolites and xenobiotics (5).  Despite the 

prevailing view of mammalian ABC transporters as exporters, recent work implicated the 

ABCB6 protein as required for porphyrin uptake (6).  This surprising finding suggests 

that other eukaryotic ABC transporters may have unrecognized roles in import. 

 

Organisms have differing complements of ABC transporters, likely based on specific 

environmental and cellular requirements. There are seven ABC transporter families in 

the human genome. These families, termed ABCA-G, and an additional divergent family 

called ‘H’ that is not found in humans, are often used as a reference to classify ABC 

transporters in other organisms (7, 8). Several studies have examined the complements 
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of ABC transporters in individual organisms or groups of organisms, providing a 

framework for the evolution of this family. 

 

A recent analysis of ABC transporters in the rice and Arabidopsis thaliana genomes 

found approximately 120 ABC transporters, in contrast to the 48 found in the human 

genome. The extra representatives in the plant genomes tended to be from the 

multidrug-resistance associated families ABCB, C and G (9). The need for a quick 

response to poisonous xenobiotics might have caused the expansion of multidrug-

resistance type ABC transporter family members in plants, although the full extent of 

substrate diversity for ABC transporters is not categorized yet.  

 

This phenomenon is not confined solely to plants; in studies of ABC transporters in 

Caenorhabditis elegans, and vertebrates it appears that there have been many gene 

duplication and loss events of ABC transporter family members in the evolutionary 

history of the family (5, 8). In close relatives, such as the mouse and human, all ABC 

families represented in one genome have identifiable representatives in the other 

genome, albeit with differing numbers of transporters per family. For example, the 

mouse ABCA family has six members, while the human has 13 members (10).  But in 

more distant organisms, such as E. coli and human, there are families of import 

transporters in the bacteria that do not exist in the human genome.  

 

Sequence and domain features common to ABC transporters 
 
The functional unit of an ABC transporter is four domains, two globular nucleotide 

binding domains (NBDs) and two transmembrane domains (TMDs) which bind and 
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release substrates. The TMDs typically contain between six and 11 transmembrane 

helices and bind a wide variety of substrates, including small molecules, peptides and 

lipids (7). Neither the TMDs nor the NBDs are necessarily symmetric; an ABC 

transporter can have two identical TMDs and two identical NBDs or four non-identical 

domains. Non-identical TMDs can likely bind different substrates and non-identical NBDs 

can either solely function to bind ATP or can bind and hydrolyze ATP depending on the 

transporter (11).  

 
 
ABC transporters are defined by a set of three motifs in the NBDs: the Walker A 

phosphate binding loop, also called the P-loop, the Walker B motif, which likely aids in 

coordination of ATP for binding and hydrolysis, and finally the ‘Signature’ helix, which 

coordinates with the P-loop in the cognate NBD and has the consensus sequence 

‘LSGGQ’ (7). There are no TMD-specific features that apply to all or most ABC 

transporters, highlighting the strong sequence diversity in these substrate binding and 

translocation domains. 

 

The genomic organization of the TMDs and NBDs varies by organism and by family. For 

example, in the case of the Escherichia coli vitamin B-12 transporter, each domain is a 

separate gene (1), while in eukaryotic ABC transporters the domains often occur on the 

same polypeptide chain (5). In multi-domain transporters, there are between two and 

five domains per gene. Members of the ABCG family, which have a single TMD and a 

single NBD per gene (hence the name “half transporters”), must form homo- or 

heterodimers to function (12, 13). In contrast, some members of the human ABCC 

family have five domains, three TMDs and two NBDs in a single gene (14).  It is not 
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currently known whether “whole” multi-domain ABC transporters also form functional 

higher order oligomers. 

 

The human ABC transporter superfamily  
 
The 48 transporters in the human ABC transporter superfamily are divided into seven 

families based on sequence similarity in the NBDs, and these families are conserved in 

eukaryotic genomes (7). 

 

 
Figure 1-1: Human ABC transporter domain structure. 

 
The human ABC transporter superfamily consists of 48 proteins with varying numbers of 

transmembrane domains (TMD, purple and cyan) and globular nucleotide binding 

domains (NBD, red). There are both full transporters, such as ABCB1 (P-glycoprotein) 

which have four domains, two TMDs and two TMHs, and half transporters such as 

ABCD1 (ALD) that have one TMD and one NBD per polypeptide chain. ABCG family 

members have the NBD N-terminal to the TMD, in contrast to the other families. 

 

The human ABC transporters are divided into seven families. The five families with 

transmembrane domains (ABCA, B, C, D, and G) have four different domain 
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architectures (Figure 1). There are four-domain, whole transporters, as seen in the 

ABCA, B, and C families. There are two-domain half transporters with the TMD at the N-

terminal end of the protein, as seen in the ABCB and D families. There are five-domain 

transporters with an extra TMD, as seen exclusively in the ABCC family. Finally, there 

are two-domain half transporters with the TMD at the C-terminal end of the protein. The 

final two families, ABCE and ABCF, consist of paired NBDs. The ABCE gene is highly 

conserved from archaebacteria to humans and may promote the preinitiation complex 

assembly involved in protein synthesis; this vital role might explain its strong 

conservation (5).  

 

Classifying ABC transporters by the similarity between NBDs is reasonable because 

these domains can be easily identified using the sequence features discussed in the 

previous section. However, this classification scheme ignores the TMDs, which 

determine the specificity of the molecules transported. It would be preferable to classify 

transporters based on their specificities, because these define the function of the 

transporter. For example, members the ABCB, C and G families can all transport 

anthracyclines and methotrexate (15); their membership in three different families does 

not make this important functional similarity obvious. 

ABC transporters in human health 
 

Transporters associated with human disease 
 
Mutations in 13 ABC transporters from five families are associated with monogenic 

human disease phenotypes (Table 1). Diseases attributable to defects in ABC 

transporters are diverse both in phenotype and in the types of genetic alterations.  Four 

examples from the large families ABCC (12 members, six disease-associated) and 
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ABCA (13 members, four disease-associated) illustrate the variety of pathologies that 

result from defects in ABC transporters.  

 

Two disease-associated transporters in the ABCC family 

Deficiencies in chloride ion transport which cause cystic fibrosis are attributable to 

mutations in the cystic fibrosis transmembrane conductance regulator (CFTR, ABCC7) 

(16). A single alteration, ΔF508, accounts for approximately two thirds of all diagnosed 

cystic fibrosis cases. However, more than 1,000 other disease-associated variants in 

CFTR have been described, including non-synonymous single nucleotide 

polymorphisms, insertions and deletions in different domains of the protein, indicating 

that there is a spectrum of alterations that can affect the function of CFTR (16, 17). 

Patients with CFTR mutations can present with a wide range of clinical pathologies, 

including lung disease, pulmonary symptoms, and pancreatic insufficiency (18). A 

feature of this disease, and others associated with ABC transporters, is that there is 

surprising variability in the severity of disease. For example, the cystic fibrosis mutation 

D1152H is present in less severe forms of the disease, and was seen in children who 

had not been initially diagnosed with cystic fibrosis in neonatal screening protocols and 

in adults who were not diagnosed with cystic fibrosis until their 30s and 40s (19, 20).  It 

is also worth noting that despite the large sets of mutations associated with cystic 

fibrosis, very few mutations have been experimentally functionally characterized (16). 

This trend is also seen in other ABC transporters with disease associations.  

 

The autosomal recessive connective tissue disorder Pseudoxanthoma elasticum (PXE, 

ABCC6) is attributable to mutations in the ABCC6 transporter (21). PXE affects the skin, 

retina, and blood vessels and is associated with a buildup of mineralized elastic fibers in 
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these tissues. The endogenous substrates for ABCC6 are not known; because of this 

the precise mechanism of disease development and progression is also unknown. An 

unusual feature of this disorder is that not all PXE-diagnosed patients have mutations in 

the ABCC6 gene (22). This may be related to the presence of at least two pseudogenes 

of ABCC6 in the human genome that complicate mutational analysis, because it can be 

difficult to ensure that the primers for sequencing target only the functional gene. 

Alternatively it may indicate that there exist undiscovered genes that affect or cause 

PXE.  

 

Table 1.1: ABC transporters associated with monogenic human disease 

 
 
Two disease-associated transporters in the ABCA family 

ABCA4 (ABCR) is specific to the retina and acts as a ‘flipase’ to export retinoid-lipid 

complexes from photoreceptor cells. Mutations in ABCA4 are associated with retinal 

dystrophies such as retinitis pigmentosa, Stargardt macular dystrophy, and cone-rod 

dystrophy. In some cases, misssense mutations lead to improperly folded and localized 
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proteins (as assayed in frog oocytes), similar to cystic fibrosis (23). Because retinal 

disease varies in phenotype, some studies attempted to link mutation type to age of 

onset of disease. Yatsenko et al. examined patients with late-onset Stargardt disease 

and found that patients had mutations in at least one ABCA4 allele and suggested that 

the age of onset is correlated with amount of functional ABCA4 protein produced by the 

allele (24). Similarly, Wiszniewski et al. found that patients with two misfolding alleles 

had an earlier age of onset in all three forms of dystrophy studied (23). It is worth noting 

that there is no direct functional assay for ABCA4 transport, so statements about protein 

function are inferred indirectly by methods such as ATPase activity assays (23). This 

lack of direct evidence for functional impairment is a problem for many ABC transporters, 

and hinders studies of the effect of point mutations on protein function and in disease. 

 

The ABCA3 gene is highly expressed in the lamellar bodies of the lung. Its role in 

surfactant phospholipid metabolism was discovered through the sequencing of infants 

with severe unexplained surfactant deficiencies (25).  Similar to ABCA4, functional 

studies of fatal surfactant deficiency patient mutations were found to affect the protein in 

two primary ways; mislocalization and decreased ATPase activity (26). Again, there is 

no direct assay for transport in ABCA3.  

 

This brief overview of diseases associated with the two large ABCA and C families 

highlights some important points about the role of ABC transporters in human health. 

First, there are many diseases associated with the ABC transporters. Second, many 

mutations have been discovered and few have been experimentally characterized. Third, 

there is variability in disease phenotypes and finally, in many cases, there is no clear 

mechanism of disease causation. 
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Transporters associated with multidrug resistance 
 
 

ABC transporters in the B, C, and G families have documented roles in multidrug 

resistance in humans as well as other organisms. Here, I will provide a few examples of 

the role of each family in drug resistance in a variety of treatments.  

 

ABCB1 (P-glycoprotein, MDR1), is probably the most intensely studied of the human 

ABC transporters. This efflux pump can transport a variety of chemically diverse 

compounds used clinically such as calcium channel blockers, anthracyclines and 

protease inhibitors (27).  Efforts to block the export capability of ABCB1 met with limited 

success; early efforts using the compounds cyclosporine and verapamil required a dose 

that had unacceptably high toxicities (27, 28).  

 

ABCC4 (MRP4) can transport dideoxynucleosides, potent inhibitors of HIV reverse 

transcriptases that are used as part of highly active anti-retroviral therapy (HAART) 

protocols in the treatment of HIV infection. This functionality means that cells with high 

expression of ABCC4 will not respond as well to treatment with nucleoside analogs such 

as PMEA, azidothymidine and others (29).  ABCC4 can also transport the active 

metabolites of anti-cancer thiopurines (30), suggesting that it likely plays a broad role in 

multidrug resistance in both HIV and cancer treatment. ABCC1 (MRP1) and ABCC2 

(MRP2) transport the anticancer drugs vincristine and daunorubicin, as well as 

metabolites of the anticancer drugs chlorambucil and cyclophosphamide (15). ABCG2 

(BCRP, for breast cancer resistance protein, or MXR) confers resistance to 

anthracyclines, mitoxantrone, and camptothecin, demonstrating its overlap with the 

ABCB and C families (15).  
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It is clear that overlapping substrate specificities mean that the single-drug, single-

transporter model is not sufficient when exploring the effects of transport on drug 

efficacy. Efforts to define the spectrum of substrates and inhibitors for ABCB1 and 

ABCG2 demonstrated the importance of examining drug-drug and transporter 

interactions when testing compounds; ABCB1 inhibitors influenced the transport of some 

ABCG substrates, but not others (31).  

 

Non disease-associated variation in ABC transporters 
 

Aside from the many disease-associated variants in ABC transporters, human 

transporters also have likely neutral polymorphic variation, with differing amounts of 

variation per transporter (32). Variation was also domain-specific, for example the TMDs 

had far less diversity than the NBDs, possibly indicating selective pressure against 

modifying these substrate-binding domains (32).  Recent work demonstrates that human 

variation in ABC transporters can impact drug transport in both ABCB1 (33) and ABCC4 

(32, 34), and as such further characterization of variant transporters will shed light on 

differential drug response.  

The structure of ABC transporters 
 

ABC transporters are large membrane proteins (the human ABCA13 protein is 5,058 

residues), and as such have proved difficult targets for high-resolution structural studies. 

There are currently no complete, high-resolution structures for any eukaryotic ABC 

transporter. However, recent successes, including seven new structures of ABC 
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transporters in 2007-2008 (35), suggest that crystallographic structures for eukaryotic 

proteins may not be far off.  

Nucleotide binding domain structures 
 
 

As of 06/24/08 there were 54 structures in the PDB with the SCOP classification ‘ABC 

transporter ATPase domain-like’ from 12 different species, including mouse and human. 

This domain is well conserved structurally despite being very diverse in sequence. A 

structural alignment of six representative ABC transporter NBDs demonstrates this 

conservation.  

 

We selected high-resolution crystal structures from organisms representing the three 

kingdoms of life. All structures were downloaded from the Protein Data Bank. (36). 

These structures ranged from 19% sequence identity (human CFTR NBD1, PDB ID: 

1XMI and human TAP1, PDB ID: 1JJ7) to 85% sequence identity (mouse CFTR NBD1, 

PDB ID 1R0W and human CFTR NBD1, PDB ID: 1XMI). Overall Cα backbone RMSD for 

these six structures is between 1.07 Å (mouse CFTR NBD1 in blue and human CFTR 

NBD1 in purple) and 2.03 Å (human CFTR NBD1, PDB ID: 1XMI and the Escherichia 

coli  vitamin B12 transporter NBD, PDB ID: 1L7V). 
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Figure 1-2:Conserved residues important for ATP binding and hydrolysis in six 

ABC transporter NBD structures used as templates for comparative modeling. 

The ’Walker A’ phosphate binding loop motif and the first ATP molecule are shown at the 

right of the image. Two ’Walker B’ motif residues are in the middle, and the ’signature’ 

motif α helix that coordinates the second ATP molecule is on the left. The structures are 

from Methanococcus janaschii ABC transporter MJ0796 (yellow), E. coli maltose 

transporter NBD (red) and vitamin B12 transporter NBD (light gray), mouse CFTR NBD1 

(blue), and human CFTR NBD1 (purple) and TAP1 NBD (cyan). ATP coordinates taken 

from the M.janaschii structure. 

 

The structural conservation extends to the ATP-binding site motifs (Figure 2), which 

suggests that organisms in all three kingdoms of life bind and hydrolyze ATP similarly.   

 

Complete ABC transporter structures 
 
Recent efforts have boosted the number of complete ABC transporter structures to nine, 

of which eight were solved in the past two years (35). These structures are from E.coli, 

Staphylococcus aureus, Archaeoglobus fulgidus, Methanosarcina acetivorans, 

Haemophilus influenzae and Salmonella typhimurium. There are still no complete 

structures of any eukaryotic ABC transporter.  
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Figure 1-3: The structure of an ABC transporter from Escherichia coli. 

The structure of BtuCD, a vitamin B12 transporter, was the first complete structure of an 

ABC transporter. The functional unit of an ABC transporter includes four domains: two 

nucleotide-binding domains (NBDs) and two transmembrane domains (TMDs). 

Substrates bind in the TMDs, and the action of ATP binding, hydrolysis and release in 

the NBDs is coupled to substrate transport.  

 
The structures reveal the diversity of the transmembrane domains of ABC transporters; 

there are at least four distinct membrane domain folds represented. The first fold is 

represented by the E. coli vitamin B12 uptake transporter BtuCD. The membrane 

domain of the intact transporter consists of 20 transmembrane helices from two identical 

BtuC domains that form a translocation pore (1).  The second fold is represented by the 

Sav1866 multidrug transporter from Staphylococcus aureus. The membrane domain of 

this transporter contains 12 transmembane helices from two identical domains that 

contain one TMD and one NBD each (2). The third fold comes from a putative 

molybdate transporter in Archaeoglobus fulgidus, ModB2C2. The two transmembrane 

ModB domains contain 12 transmembrane helices that include a closed gate near the 

extracellular membrane boundary which is not seen in either the BtuCD or the Sav1866 

structures (37). The fourth fold is represented by the MalFGK2-MBP Maltose uptake 
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transporter from E. coli, which includes a binding protein that binds and carries the 

substrate to the transporter (32). This structural diversity highlights the difficulty of 

predicting the likely transmembrane domain fold of the human ABC transporters.  

 
 
 

Using computational methods to integrate experimental data 
 
Here, we combine mutational data from patients and healthy subjects with sequence 

data representing the evolutionary history of the ABC transporter superfamily and 

structural data from both comparative models and high resolution X-ray crystallography 

to rationalize and predict the effects of non-synonymous SNPs on protein function in 

human ABC transporters.  This work is broken up into the following chapters.  

 

Chapter 2 focuses on an evolutionary exploration of membrane protein families in a 

diverse set of organisms representing the three major kingdoms of life. Chapter 3 

explores the impact of point mutations at the domain interfaces in ABC transporters. 

Chapter 4 explores the structural and functional consequences of point mutations in the 

NBDs of all 48 human transporters.  Finally, Chapter 5 suggests future directions for this 

work given the increase in high-resolution crystal structures for membrane proteins from 

a variety of families of importance to human health.
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2 A taxonomic profile of the membrane protein universe 
 

Introduction: The many roles of integral membrane proteins 
 
Integral membrane proteins perform a variety of critical cellular functions, such as 

protecting the cell from external toxins, acting as the starting point of intracellular 

signaling cascades, and maintaining critical ion concentrations. They make up 

approximately 20-30% of an organism’s genome (38, 39). Bioinformatics 

methods allow us to predict with better than 90% accuracy (40) all α-helical 

transmembrane proteins in the wealth of sequenced genomes (41). 

 

Membrane proteins are generally difficult to work with experimentally, which 

leads to incomplete annotation of their functions. Prior studies have explored the 

functional breadth and evolution of proteins and families of particular interest, 

such as the diversity of transport-associated membrane protein families in 

prokaryotes and eukaryotes (42) and family classification of all human GPCRs 

(43). However, a comprehensive analysis of the content and evolutionary 

associations between membrane proteins and families in a diverse set of 

genomes is lacking. 

 

Classification schemes for protein families vary; sequence and structure data can 

be used separately or in combination with each other to cluster sequences 

automatically (ProDom (44)) or manually (Pfam-A (45); SCOP (46)). Less than 

1% of the structures in the Protein Data Bank (PDB) are high-resolution 
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structures of membrane-bound proteins (35), providing only sparse data for 

structure-based functional annotation. Sequence databases are growing rapidly, 

thus expanding the universe of known membrane protein families and folds. 

Improved structural, functional, and evolutionary annotation of membrane 

proteins is essential to make the most out of this sequence information. 

 

Here, we take an automated, sequence- and structure-based approach to 

defining the integral membrane protein set of an organism. We aim to (i) facilitate 

comprehensive structural coverage of membrane protein families by the Protein 

Structure Initiative (PSI) of the National Institutes of Health (NIH), (ii) discover 

evolutionary connections between families to search for the origins of more 

recently evolved membrane protein functions, (iii) identify multidrug resistance-

associated transport proteins, and (iv) identify new membrane protein families. In 

particular, our bioinformatics analysis underpins the Center for Structures of 

Membrane Proteins (CSMP; http://csmp.ucsf.org) as well as the center for 

Pharmacogenetics of Membrane Transporters (PMT; 

http://pharmacogenetics.ucsf.edu). 

 

For CSMP, we construct a list of protein targets for the structural genomics of 

membrane proteins (see the accompanying paper (47)). We adopt a genome-

wide approach, which uses yeast as a model organism to tackle as many unique 

membrane protein families as possible. For PMT, we focus on identifying and 

analysing specifically the ATP-binding cassette (ABC) and solute carrier (SLC) 
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transporter superfamilies. The goal is to leverage the cataloging and annotation 

of human genetic variation in these membrane transporters (32) by determining 

new structures using the CSMP crystallographic pipeline. 

Results and Discussion 
 

Membrane protein annotation pipeline 
 

The annotation pipeline consists of five main steps (Figure 1): (i) Identification of 

Pfam membrane protein families; (ii) collection of sequences from genomes of 

interest and definition of membrane protein sequences; (iii) calculation and 

annotation of sequence profiles; (iv) association of evolutionarily related 

sequences; and (v) structural annotation by comparative modeling. 
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Figure 2-1: Membrane protein annotation pipeline. 

We use all Pfam families with more than three predicted transmembrane helices (TMH) 

to annotate membrane protein families in each of our genomes (cyan). We first identify 

sequences predicted to have three or more transmembrane helices (TMH) in the 34 

selected genomes (red). In parallel, we define Pfam family membership where available 

for each sequence profile (yellow). We then generate automated multiple sequence 

alignment profiles for each sequence. We construct a database of these profiles, and 

each profile is run against all other profiles in the database to link membrane proteins 

with each other (blue). Finally, we build comparative models for all homologous 

sequences using structures solved by our collaborators at the Center for the Structure of 

Membrane Proteins (green). The five steps are detailed in Methods.  

 

In the first step, we started with 1,779,528 sequences in Pfam-A (01/09/07) (45). 

Of these, 172,079 are predicted by TMHMM (41) to have one or more 

transmembrane α-helices (TMHs); 99,937 have three or more TMHs. Because of 

the difficulty of accurately identifying signal peptides and possible errors in TMH 
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prediction, we selected only integral membrane protein sequences predicted to 

have at least three TMHs. These sequences belong to 598 unique Pfam families 

(Supplementary Table 1), of which 476 appear in at least one of the 34 

organisms of interest to CSMP (Figure 2). Organisms were selected based on 

the following considerations: completeness of the genome, model organism, 

relevance to human disease, diversity within each kingdom, and the availability of 

genomic DNA for cloning and expression. The 122 families with no 

representatives include: photosystem-related families (e.g., PF00421) that are 

not found in any of the selected organisms, families that are only found in a 

single organism (e.g., PF03303), and families with no characterized function 

(e.g., PF06836 and PF07099). 

 

In the second step, we collected sequences for the 34 genomes from Uniprot, 

Ensemble and organism-specific sequencing projects. In total, there were 21,379 

proteins predicted to have at least three TMHs, corresponding to the “integral 

membrane genomes” (IMGs) of the 34 organisms (Supplementary Figure 1). We 

were able to annotate between 41% (Plasmodium falciparum) and 93% (Mus 

musculus) of each IMG with Pfam family IDs; 16 of the genomes had more than 

25% of their IMG unannotated, suggesting that there are many undiscovered 

membrane protein families.  

 

In the third step, for each protein, an automated multiple sequence alignment of 

the corresponding superfamily was generated, represented by a position-specific 
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scoring matrix (PSSM), and added these to a database, which we call the 

integral membrane (IM) protein database 

(http://www.salilab.org/~libusha/pubs2008/34pssmdb.txt).  In the fourth step, 

each PSSM was compared to the whole IM database, using profile-profile 

alignments to identify related proteins. 

 

The fifth step estimated the impact of five atomic-resolution structures of 

membrane proteins from two families recently solved by the CSMP on the 

coverage of the membrane protein sequence space. Using these structures as 

templates for comparative modeling, we were able to model 10,151 unique 

membrane protein sequences. Of these, 4,631 sequences could be modeled 

based on higher sequence identity to the new templates than to the previously 

available templates; moreover, 3,510 of these 4,631 models also covered more 

of the target sequence than the older models. These numbers demonstrate the 

leverage achieved by combining experimental structure determination with 

comparative modeling, a defining aspect of structural genomics. 

 

Membrane protein family distribution in the three kingdoms of life 
 

We collected all sequences representing membrane protein families from each 

genome and counted the number of times each family appeared in each 

genome. Counts were assembled into a matrix 

(http://www.salilab.org/~libusha/pubs2008/memb_counts.txt). The counts ranged 
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from 0 counts of a family in an organism to 1,468 for rhodopsin-like GPCRs in the 

mouse genome, demonstrating that some families are highly represented in 

multiple genomes and others are rare or restricted to only a few organisms. 

There are 13,139, 2,079, 1,956, and 30 families with 0, 1, 2-49, and 50-1468 

representatives, respectively.   
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Figure 2-2: : PFAM membrane protein families in 34 organisms. 

Organism names are listed horizontally at the top (columns). 476 Pfam membrane 

protein families are on the vertical axis (rows).  Colors indicate binning for the number of 

times a particular family appears in an organism. White means a particular family is not 

found in an organism; light blue means the family appears once; medium blue, between 

two and 49 times; and dark blue means the family is found 50 or more times. The red 

and yellow bars show the clustering of eukaryotes and prokaryotes respectively. This 

heatmap was constructed using the R function “heatmap.2” with hierarchical clustering 

and default parameters (48).  
 

Simply using the family compositions of the IMGs, we can clearly distinguish 

eukaryotic and prokaryotic organisms (Figure 2). This discrimination was robust 

with respect to binning and may be useful for identifying the kingdoms of the 

source organisms in large-scale environmental sequencing projects. 

Furthermore, we recover some limited information on how organisms 

communicate with the environment. Two organisms, the bacterium Mycoplasma 

pneumoniae and the hyperthermophilic archaeon Nanoarchaeum equitans, 

cluster with each other rather than with their respective kingdoms. These 

organisms are obligate parasites, dependent on a host for survival, with small 

genomes and highly permeable membranes, thus presumably requiring similar 

IMGs (49, 50). Analysis of additional obligate parasites may suggest sets of 

membrane protein families that define the minimum requirements for membrane-

mediated communication between an organism and its extracellular environment. 

Target selection in yeast for the Center for the Structure of Membrane 
Proteins (CSMP)  
 

Two subsets of target proteins for structural studies were selected. First, we 
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aimed to maximize the coverage of the Saccharomyces cerevisiae IMG while 

minimizing the number of targets for expression. Second, we also selected a 

number of targets to further PMT’s clinical studies of ABC and SLC membrane 

transporters in drug disposition. 

 

Target selection for sequence leverage. We used Pfam annotations to cover 

all membrane protein families in yeast and we used the associations between 

multiple sequence profiles to select sequences that are absent from Pfam 

(Methods). There are 621 predicted IM sequences in yeast.  Of these, 490 

sequences could be annotated with 165 unique Pfam membrane protein families 

and 131 could not be annotated with a Pfam identifier. Of the 165 annotated 

families, 81 were represented by a single sequence, meaning the family 

appeared only once in the yeast genome.  

 

The 81 singletons initiated our target list. For the remaining 84 annotated 

families, two sequences were selected from each family to improve the likelihood 

of successful structural characterization for that family. These two members were 

selected to ensure optimal coverage of each family (Methods), which is 

especially important for larger families. For example, the major facilitator family 

(MFS) has 57 sequences, the most of any membrane protein family in yeast. The 

MFS sequences fall into two major clusters, one with 44 MFS members and one 

with six. We selected VBA1_YEAST, which is associated with 24 MFS-annotated 

sequences in the first cluster (55%) and MCH4_YEAST, which is associated with 
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five MFS sequences in the second cluster (83%).  

 

Of the 131 unannotated sequences, 16 were in two completely unannotated 

clusters of 8 sequences each, 62 hit no other sequences, six sequences fell in 

two unannotated clusters of three sequences each, and 14 fell into seven 

clusters of two sequences each. The remaining 33 sequences hit at least one 

other annotated sequence and were discarded.  Because we select two 

sequences from each unannotated cluster, there are an additional 98 targets. 

Complete coverage of the yeast genome therefore requires 347 targets out of the 

621 IMG proteins. If a target fails in any stage of the experimental process, a 

similar yeast target can be selected for a subsequent trial (47). 

 

Target selection for biological significance. Two of the targets, the yeast 

genes STE6 and YN_99, code for ATP-binding cassette transporters that are 

homologous to human multidrug transporters in the B and G families, 

respectively. There are 48 characterized ABC transporters in the human genome 

and 18 are already disease-associated (7, 51). There are many atomic structures 

available for isolated nucleotide binding domains from ABC transporters, and we 

have successfully used these structures to assess the role of interface-disrupting 

point mutants with clinical phenotypes in human ABC transporters (52). However, 

a molecular level understanding of the clinical impact of genetic variation requires 

high-resolution structural data for the substrate-binding transmembrane domains 

of these proteins, providing the rationale for their inclusion into the CSMP target 
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list.  

 

In humans, ABCB1 (also known as MDR1) and other members of the B family, 

such as ABCB4 (MDR3) and ABCB11 (BSEP), are associated with multidrug 

resistance in cancer therapy. ABCB4 and ABCB11 are also associated with 

several forms of cholestasis (53). Our collaborators at the PMT have identified 29 

non-synonymous single nucleotide polymorhpisms in these proteins. The STE6 

structure would be particularly useful for structural modeling of sequence 

variations in humans because the domain organization of two transmembrane 

domains (TMD) and two nucleotide-binding domains (NBD) is the same as in the 

human transporters ABCB1, ABCB11 and ABCB4 (Supplementary Figure 2). 

The most similar structurally characterized homolog of the ABCB family is 

currently the Staphylococcus aureus transporter Sav1866 (2). This transporter 

has only a single TMD and a single NBD that forms a homodimer; thus, it is not 

an ideal template for modeling the four domain multidrug resistance-associated 

transporters from the ABCB family. 

 

The yeast nucleoside transporter target YAL022C (FUN26) (54) is homologous to 

the equilibrative nucleoside transporters ENT1 (SLC29A1) and ENT2 

(SLC29A2). The PMT has identified two non-synonymous SNPs in ENT1 as well 

as two non-synonymous SNPs and seven insertion/deletion mutations in ENT2 

(32).  
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Additional structural data from these transporter families will be invaluable for 

interpreting the results of functional studies and suggesting molecular 

mechanisms for clinical phenotypes. 

 

The final set of 384 targets was entered into the structural characterization 

pipeline of the CSMP (47). Of these targets, 273 are significantly related to at 

least one human gene. In all, 1,249 human sequences are significantly similar to 

the 273 yeast sequences, suggesting that about 40% of the human IMG has a 

corresponding gene in yeast (Supplementary Figure 3A,B). Our clustering of the 

yeast IMG is generally in agreement with the manual “clans” clustering in Pfam 

(Supplementary Figure 3C) (45). 

 

Leverage of yeast targets by comparative modeling. One goal of structural 

genomics is to increase the number and variety of sequences that can be 

modeled with useful accuracy by comparative modeling (55). Finding sequences 

that can be modeled based on a given template structure is the first step in this 

modeling process. We use the multiple sequence profile for each target as a 

proxy for how many sequences could have at least three predicted TMHs 

modeled based on at least 30% sequence identity to the template structure (i.e., 

sequence leverage) (56). The structures of our 384 selected yeast targets would 

enable the modeling of 63,584 Uniprot sequences based on at least 30% 

sequence identity between the selected target and its homologs. Of these, 

18,633 sequences were predicted to have at least three TMHs in the model. 
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Thus, the sequence leverage of the 384 targets is 18,633. For comparison, 384 

randomly selected yeast membrane protein structures would enable the 

modeling of a similar number of membrane sequences, but on average would 

cover 34 fewer families out of 162 total identified Pfam families in yeast. 

 

Defining the scope of membrane protein structural genomics 
 

The scope of structural genomics of membrane proteins is the number of target 

structures needed to achieve some desired coverage of the membrane protein 

sequence space. We first examine current comparative modeling coverage of 

integral membrane protein sequences in Uniprot. Next, we calculate the total 

number of structures required for desired sequence coverage of the 598 Pfam 

integral membrane protein families described above.  

 

The ModBase database contains 806,266 models of 1,733,721 sequences from 

Uniprot (6/1/2005) for which the target-template identity is at least 30%. Of these, 

61,749 models for 55,161 unique sequences are predicted by TMHMM to contain 

at least three TMHs. This estimate suggests that domains in only approximately 

8% of integral membrane proteins can be currently modeled at reasonable 

accuracy (implied by the 30% target-template sequence identity) using available 

template structures. 
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Figure 2-3:Target selection for membrane protein structural genomics. 

Structural coverage of the known IMG (Integral Membrane Genome) sequence space 

was defined by taking the 598 IM Pfam families and clustering them at 30% sequence 

identity. 

 

To improve the coverage, it would be ideal to select sequences for structural 

characterization that yielded the greatest improvement in the number of 

modelable sequences based on the 598 Pfam integral membrane families. At 

30% sequence identity, the 375,155 sequences in these families fall into 13,395 

clusters. Thus, a representative structure from such a cluster provides a 

reasonable template for comparative modeling of the other sequences in its 

cluster. Using a target selection strategy where sequences from the largest 

clusters are selected for structural characterization first, 90% of the sequences in 

the currently known integral membrane families could be covered by 2,454 
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structures. In contrast, a random selection of crystallographic targets would 

require approximately eight times more structures (i.e., 20,000) to achieve the 

same coverage. For 70% coverage of sequence space, a more realistic goal, the 

ranking by cluster size requires 504 structures versus 2,500 for the random 

selection (Figure 3).  

 

Despite their relevance to human health and importance in cellular gatekeeping, 

regulation and sensing, the number of solved, high-resolution structures of 

membrane proteins is low. We currently know 94 α-helical integral membrane 

protein structures with less than 95% sequence identity to each other from 37 

Pfam families with at least three TMHs. Of the structures solved, some, like the 

bacterial rhodopsins, share the same fold. This dearth of structures and lack of 

diversity contribute to incomplete annotation of membrane protein sequences. 

Additional coordination in target selection for the structural genomics of 

membrane proteins, such as the selection proposed here, would greatly facilitate 

comprehensive accounting of membrane protein families and contribute to their 

functional annotation. 

 

Identification of unannotated homologs in seven membrane protein 
families related to multidrug resistance 
 

We used our annotation pipeline to search for sequences in seven families with 

experimentally established links to multidrug resistance (MDR) in our 34 

organisms. These included three ABC transporter subtypes; MATE transporters; 
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small multidrug resistance family transporters, Golgi 4-TMH transporters, and the 

AcrBDF family (Supplementary Table 3). We find 793 such sequences, of which 

292 are not described by either the “Protein name” field in Uniprot or the 

“DEFINITION” field in Genbank as MDR-related, but rather with descriptions 

such as “conserved membrane protein” or “uncharacterized protein”. 

 

We find that between 2% (mouse) and 8% (Mycobacterium tuberculosis) of the 

genome of each organism is devoted to MDR and that pathogenic organisms 

tend to have higher percentages of MDR membrane proteins in their genomes. 

For example, the pathogens M. tuberculosis, Cryptosporidium parvum, 

Cryptosporidium hominis, Pseudomonas aeruginosa, and Leishmania major, and 

the obligate parasite Mycoplasma pneumoniae all had more than 5% of their 

IMGs devoted to MDR. 

 

Identifying binding sites and predicting substrates for membrane proteins can be 

a more difficult problem than for their globular counterparts because they often 

lack clear surface features, such as pockets and grooves, which suggest binding 

sites. Many membrane proteins, including MDR transporters, are multispecific, 

transporting a variety of dissimilar substrates. In the case of a Haemophilus 

influenzae ABC transporter, the endogenous substrate of the protein remains 

unknown, even with a high-resolution crystal structure (57). The combination of 

sequence-based evolutionary information with more diverse membrane protein 

structures will be a powerful tool for identifying putative substrates of 
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uncharacterized membrane protein sequences, for example by computational 

ligand docking followed by experimental validation (58). 

 

Evolutionary analysis of the transmembrane domains in the human 
ABC transporter superfamily 
 

ABC transporters are found in all three kingdoms of life. These proteins couple 

ATP binding, hydrolysis, and release to substrate transport across a membrane. 

They share a common architecture consisting of combinations of transmembrane 

domains and nucleotide-binding domains. While the nucleotide-binding domains 

are well conserved, the transmembrane domains, which contain the substrate 

binding sites, are more divergent. We extracted the transmembrane domains 

from all human ABC transporters and generated profiles for these sequences. 

These profiles were then run against the IM database to identify related proteins 

in our 34 organisms.  
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Figure 2-4: Links between the transmembrane domains of human ABC 

transporters. 

The transmembrane domains of 48 human ABC transporter proteins were excised from 

their complete sequences. Profiles were generated for each transmembrane domain and 

run against the membrane protein profile database (Methods). Significantly related 

profiles are linked and colored according to organism with red, blue, and yellow 
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representing eukaryotes, bacteria, and archaea, respectively. The two major clusters 

represent ABCA and G family members (dark and light green); and ABCB, C, and D 

family members (purple). 

 

We found that the transmembrane domains from ABC transporter families A and 

G clustered together and that families B, C, and D also clustered together (Figure 

4). The nucleotide binding domains also cluster identically (59). This congruence 

suggests that the transmembrane domains and nucleotide-binding domains of 

the human ABC transporters evolved from a common ancestor with both 

domains intact on the polypeptide chain, rather than evolving separately and then 

joining later in the evolution of the protein.  

 

Next, we analyzed the taxonomic breakdown of associated transmembrane 

domains. The ABCG family had a significantly higher representation of archaeal 

sequences than either the B, C, D cluster or the A cluster (p-value = 2*10 -12, 2-

sample test for equality of proportions). The ABCA family had no archaeal hits at 

all and few bacterial hits (9 out of 199 total hits).  This difference in taxonomic 

representation suggests a possibly more ancient origin for the ABCG family and 

a more recent origin for the ABCA family.  

 

The ABCA family has undergone many gene duplication and loss events (5) and 

the complement of 12 ABCA genes in the human genome may primarily 

transport molecules endogenous to eukaryotic organisms. Examples include the 

photoreceptor cell-specific ABCA4 gene (5). In contrast, the more taxonomically 
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diverse sterol-transporting ABCG genes may represent more general 

mechanisms of lipid distribution. Due to their promiscuity, the full range of the 

ABC transporter substrates is currently not known. We will use the membrane 

domain alignments described here to suggest likely overlapping substrate 

specificities among human transporters and their orthologs in other organisms. 

 

Identification of new membrane protein families  
 

Finally, our analysis suggests that there exist many additional unidentified 

membrane protein families. We extended currently known membrane protein 

families by identifying 51 kingdom-specific clusters of related membrane proteins 

that could not be annotated using Pfam. 

 

Out of the 21,385 sequences of membrane proteins in our selected genomes, 

4,389 (21%) could not be annotated with a Pfam membrane protein family. For 

each of the 4,389 profiles associated with these sequences, we annotated all hits 

in each profile with an NCBI taxonomy ID and recursively determined the root 

taxonomy ID at the kingdom level. This procedure results in a classification of 

each profile as either exclusively related to one kingdom (i.e., all hits to the profile 

are eukaryotic, bacterial, or archaeal) or as some combination of the three 

kingdoms. 

 

To reduce the likelihood of spurious classification of new membrane protein 
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families, we imposed the following restrictions: First, only single-kingdom 

classified sequences were considered when defining new families. All single-

kingdom sequences were examined for hits to the IM database and clusters of 

sequences with more than four members were considered putative new families. 

Second, we calculated profile-profile alignments for all members in each putative 

cluster and computed the overlap in each alignment of predicted TMHs. To be 

defined as a new family, at least half of the TMHs in a profile had to have better 

than 60% coverage in all profile-profile alignments of the target against all other 

targets in the cluster. 

 

With these filters, among the 1,165 solely eukaryotic profiles, we found 43 

putative new families. Among the 251 solely archaeal profiles, we found three 

putative new families; and among the 245 solely bacterial profiles, we found five 

new families. Among the eukaryotic families, some (e.g., EFam33) are pathogen-

specific with genes from only L. major, T. cruzi, and T. brucei, while others (e.g., 

EFam8) have sequences from mouse, human, fly, and Trypanosomes. The 

archaeal and bacterial families are similar to those from eukaryotes: There are 

organism-specific clusters (e.g., AFam2 in Pyrococcus furiosus) and more 

diverse families (e.g., AFam1 with sequences from the two Thermoplasma 

genomes and the thermo-acidophile Picrophilus torridus). BFam3 includes 

sequences from Escherichia coli, Burkholderia mallei, and Yersinia pestis, while 

BFam5 is restricted to Mycobacteria.  
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Our identification of putative new membrane protein families was both 

conservative and limited to only 34 genomes, yet still yielded 51 putative new 

families. This observation suggests that there are likely many more membrane 

protein families within the already sequenced genomes that await discovery. 

 

Methods 
 

The overall process consisted of the following five steps (Figure 1): First, we 

identified IM protein families in Pfam (45). Second, we collected protein 

sequences encoded by a diverse set of 34 genomes of interest to Center for 

Structures of Membrane Proteins (CSMP) and predicted integral α-helical 

transmembrane proteins (Figure 2). Third, we generated sequence profiles for 

the identified membrane proteins in each genome and annotated the sequences 

in each sequence profile with organism and protein family identifiers. Fourth, we 

then enumerated membrane protein families in each genome and associated 

significantly similar membrane proteins both within organisms and across 

organisms with each other. Finally, we constructed comparative protein structure 

models for all known sequences from Uniprot based on the atomic structures of 

membrane proteins produced by the CSMP.  

 

Step 1: Identification of Pfam membrane protein families. All sequences from 

the curated Pfam database, Pfam-A, were run through the TMHMM program. 

Pfam families with sequences containing three or more TMHs were identified as 
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IM protein families.  

Step 2: Sequence collection and membrane protein sequence definition. 

Protein sequences from the genomes of 34 organisms representing each of the 

three major kingdoms of life were collected from Uniprot (60), Ensemble (61), 

and sequencing projects (Figure 2). We used the TMHMM program (62) to 

predict all sequences with three or more TMHs (queries). This cutoff was chosen 

to focus on integral membrane proteins rather than membrane-associated 

proteins that may only have one or two helices anchoring them to the membrane. 

Step 3: Sequence profiles, family and taxonomic classification. The 

automated comparative modeling pipeline ModPipe was used to construct 

multiple sequence profiles. Sequences homologous to each of the query 

membrane proteins in each organism were identified by iteratively searching the 

Uniprot database using the profile.build() module of  MODELLER (63) with a 

threshold e-value of 0.01. Profile.build() uses dynamic programming for aligning 

profiles against sequences and an empirical definition of statistical significance 

based on the scores collected during the scan of the database. For each profile, 

every sequence was linked back to its NCBI taxonomy browser identifier and to 

Pfam protein family annotations if available, through the ModBase database of 

comparative models. Each query without a Pfam identifier inherited the Pfam 

identifier of the most similar membrane protein in the same profile (parent); the 

query-parent alignment had to cover at least 75% of the parent. For some 

queries, this procedure does not result in a Pfam identifier. 
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Step 4: Relationships between membrane protein families. To link 

membrane protein families across the tree of life, we generated a database of the 

target sequence profiles. For each query, we scanned the profile database for 

significant hits, corresponding to e-values smaller than 1; our benchmarking 

indicates this cutoff results in a true positive rate of 64.5% and a false positive 

rate of 0.03%, meaning there are approximately 3 errors per 10,000 matches (N. 

Eashwar et al., in preparation). The scans link membrane proteins both within 

organisms and across organisms.  

Step 5: Structural annotation by comparative modeling. We used automated 

comparative modeling by ModPipe to generate models for all sequences 

homologous to solved high-resolution structures of membrane proteins deposited 

in the PDB as of 09/14/07 (63). Models were assessed using statistical energy Z-

scores (64, 65). 

 

Assessing membrane protein model quality. To ensure that the ZDOPE 

score, which was developed using a globular protein set, was suitable for use on 

membrane proteins, we compared Z-score distributions for 145 and 36,786 

known IM and globular protein structures, respectively (Figure 5). The averages 

are -0.63 and -1.56, respectively, suggesting that the Z-score is still informative 

about the accuracy of membrane protein structures. We use a Z-score cutoff of 0 

when assessing models of membrane proteins. 
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Figure 2-5: ZDOPE statistical potential scores for native protein structures solved 

using X-ray diffraction. 

The distribution of Z-scores for integral alpha-helical membrane proteins (n=145, blue) is 

shifted higher than the scores for globular proteins (n=36786, red). The average Z-score 

for a membrane protein is -0.63, while the score for the globular proteins is -1.56. We 

use a Z-score cutoff of 0 when assessing models of membrane proteins.  

 

Two-dimensional visualization of membrane protein family associations.  

Each membrane protein profile is represented as a node. If two profiles are 

significantly similar, as defined above, an edge is drawn between them. Sets of 

similar profiles will cluster together because many profiles will be highly linked to 

each other. Cytoscape is used to visualize the links between membrane protein 

profiles and the layout algorithm implemented in yFiles organic is used to display 
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the graph (66). Distances between nodes on the graph are representative of the 

number of links between the nodes; sets of nodes which all link to each other 

tend to cluster closely in space.  
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3 Protein interactions and disease phenotypes in the 
ABC transporter superfamily 

 

Introduction: An overview of ABC transporter proteins and their 
domain interfaces  
 
 
ATP-binding cassette (ABC) transporters are membrane-spanning proteins that 

transport a wide variety of small molecule substrates and ions across cell 

membranes. Examples include the multidrug transporter P-gp, associated with 

drug resistance phenotypes in cancer therapy (67), and the cystic fibrosis 

transmembrane conductance regulator (CFTR) that transports chloride ions (68). 

In Escherischia coli, the vitamin B12 transporter BtuCD is also an ABC 

transporter (69), further underscoring the diversity of molecules transported by 

these proteins.  

 

In humans, the ABC transporters are divided into seven families, labeled ABCA 

through ABCG. There are half transporters, such as the breast cancer resistance 

protein BCRP (ABCG2), that consist of one nucleotide-binding domain (NBD) 

and one transmembrane domain (TMD), and whole transporters, such as the 

sulfonylurea transporter (ABCC8), that consist of two NBDs and two TMDs (70). 

In bacteria and archaea, the NBD and TMD domains are frequently separate 

genes and the corresponding proteins must associate for proper function. One 

such example is the vitamin B12 transporter BtuCD in E. coli, in which the two 

BtuC proteins and two BtuD proteins associate for transport (69). 
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Because there are no complete, high-resolution structures of eukaryotic ABC 

transporters, it is not known how similar their structures and mechanisms are to 

those  of their bacterial and archaeal homologs. However, the striking sequence 

conservation of domains (e.g., the motif conservation and sequence identity 

between NBDs of diverse organisms) suggests that, despite differences in gene 

organization, human ABC transporters are likely to have a quarternary structure 

similar to those observed in bacteria and archaea (71). Four crystal structures of 

NBD dimers (PDB IDs 1L2T, 1XEF, 1L7V and 1Q12) all have a structurally 

similar interface NBD/NBD interface, with the Walker A phosphate binding loop of 

one NBD appearing directly across the interface from the highly conserved 

signature “LSGG” motif of the opposite NBD (69, 72-74). The Cα RMSD 

(computed with MODELLER’s salign feature (75)) between the structures is 

between 1.7 and 2.7 Å, further demonstrating that the NBD/NBD interface is well 

conserved among different ABC transporters. An unanswered question about 

ABC transporter associations is whether the "two NBD / two TMD" model can 

also include higher-order oligomeric states (76, 77). 

 

Aside from intra-protein domain associations, ABC transporters are also known 

to interact with a number of other membrane and soluble proteins. The 

sulfonylurea transporters (ABCC8 and 9) interact with inwardly rectifying (Kir) 

potassium channels to form ATP-sensitive potassium channels that modulate the 

electrical activity in cells (78). The CFTR protein is known to interact with PDZ 

domains and likely has other binding partners, including adrenergic receptors 
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(79).  Because of the lack of high-resolution structural data, the nature of these 

interactions at the amino acid residue level is not known.  

 

Point mutations at interfaces can affect the function of ABC transporters in 

several ways. First, the mutant might destabilize domain folding or association 

during folding and prevent proper maturation of the protein. A medically relevant 

example of this is the deletion mutant ΔF508 in CFTR that is the most common 

cause of cystic fibrosis. This mutation leads to an immature, lower molecular 

weight form of the protein that is retained in the endoplasmic reticulum and 

degraded, leading to a lack of functional transporters localized to the membrane 

(68). Second, the mutant might interfere with the function of an intact transporter 

by affecting ATP binding and hydrolysis. Third, the mutant might affect allosteric 

interactions between the domains that are required for substrate binding and 

transport.  

 

Given the importance of intra- and inter-protein interactions in the ABC 

transporters, coupled with the large body of data on disease-associated 

mutations, we examined known domain interactions in high-resolution crystal 

structures and used our analysis to suggest possible interface-related 

mechanisms of human disease. We comprehensively map known disease 

mutations onto putative nucleotide binding domain interface sites in human ABC 

transporters. The putative interfacial residues identified in this study can be used 

to focus effort towards the biochemical identification of functionally important 
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residues.
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Figure 3-1: ABC transporter interdomain interfaces. 

Interfaces are defined according to PiBase (80). Interfaces are mapped on to the 

representative structure of the Mj0796 ABC transporter nucleotide binding domain (NBD) 

dimer structure from M. jannaschii (PDB ID: 1L2T) (72).  
 
 

A 

 

B 

 
 

Figure 3-2: Disease associated residues at putative ABC transporter interfaces. 

 (A). A close-up of the first nucleotide binding domain of the human CFTR (PDB ID: 

1XMI) [15]. Interface residues were defined using homology transfer annotation based 

on the structure of an NBD dimer from M. jannaschii (PDB ID: 1L2T) (72) and are shown 

in gold. Residues with known cystic fibrosis-associations at the NBD/NBD interface are 

shown in black (Table 2). An N-terminal helix in the CFTR structure is hidden to show 

the complete interface as defined by the 1L2T structure. (B).  The exposed, non-NBD 

surface of the 1L2T structure. Residue positions in yellow have entropies of no more 

than 2.1 bits. Residue positions in black are associated with cystic fibrosis (CFTR), 

adrenoleukodystrophy (ALD) and high-density lipoprotein deficiency type 2 (ABCA1).   
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Results 
 

Differential conservation of interfaces in ABC transporters 
 

We examined evolutionary conservation at the amino acid residue level for three 

different interfaces in ABC transporter structures (Interface definition).  

 

 

 
Figure 3-3: Evolutionary conservation at binding and interface sites in six ABC 

transporter structures 

The ATP binding site, which forms part of the interface between the nucleotide binding 

domains (NBDs) has the lowest entropy due to highly conserved residues in the Walker 

A, B and ‘signature’ motifs.  The NBD/NBD interface is well conserved even when the 
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ATP-binding residues are removed from consideration (NBD/noATP). The TMD 

interfaces, both with the cognate NBD and the cognate TMD (only definable for 1Z2R 

and 1L7V) are not highly conserved.    

 
We were only able to define the TMD/TMD interface for the two complete 

structures, 1Z2R and 1L7V. We found that the NBD/NBD interface was 

consistently more conserved than either the NBD/TMD and TMD/TMD interfaces 

(Figure 3).  

 

Disease associated mutations at ABC transporter interfaces 
 
 

We found a total of 68 disease-associated positions at PiBase-defined interfaces 

in 10 transporters (Table 2, Figure 2A). Of these positions, 65 were single 

residue mutations and three were deletions. Thirty-eight mutations were at the 

NBD/NBD interface and 30 at the NBD/TMD interface. We also found conserved 

surface residues that included two positions that were associated with disease in 

several ABC transporters.  These residues correspond to the 1L2T residues 1, 2, 

31, 60, 164, and 213. There are 587 total known disease mutations in the 10 

transporters, of which 504 are from either ABCC7, ABCD1 or ABCA4 

(supplementary material).   
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Table 1. Disease associated mutations at putative ABC transporter interfaces. 
Human protein residues that aligned with the NBD/NBD or NBD/TMD interface were 
examined for disease association using Uniprot (81). The two interfaces overlap by two 
residues.  
 
Table 3.1: Disease associated mutations at putative ABC transporter interfaces. 

[Transporter] 
Disease(s) 

NBD/NBD NBD/TMD 

[ABCA1] High density 
lipoprotein deficiency type 
2 

N935S  

[ABCA3] Respiratory 
distress syndrome 

N568D  

[ABCA4] Stargardt 
disease (STGD), Fundus 
flavimaculatus (FFM), 
Age-related macular 
degeneration 2 (ARMD2)  

R943W 
(STGD/FFM) 

L1014R 
(STGD) 

 N965S (STGD) T1019A 
(STGD) 

 S1063P 
(STGD) 

K1031E 
(STGD) 

 E1087D/K 
(STGD) 

E1036K 
(STGD) 

 G1091E (FFM) V1072A 
(STGD) 

 G1975R 
(STGD) 

L2027F 
(STGD/FFM) 

 E2096K 
(STGD) 

R2030Q 
(STGD/FFM) 

 H2128R 
(STGD) 

L2035P 
(STGD) 

[ABCA12] Lamellar 
icthyosis 

N1380S  

 G1381E  
 E1539K  
[ABCC2] Dubin-Johnson 
syndrome 

R768W Q1382R 

  ΔM1393 
[ABCC6] Autosomal 
recessive 
pseudoxanthoma 
elasticum 

T1301I R1314Q 

 G1302R Q1347H 
 Q1347H D1361N 
[ABCC7/CFTR] Cystic 
fibrosis  

G458V S492F 
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 S549I/N/R E504Q 
 G551S ΔF507 
 R553Q ΔF508 
 D579G W1282R 
 G1244E R1283M 
  F1286S 
  N1303H 
[ABCC8] Persistent 
hyperinsulinemic 
hypoglycemia of infancy 

G715V R1392H 

 V1359M R1419C 
 G1377R R1435Q 
 G1380S  
 R1435Q  
 E1505K  
[ABCD1] 
Adrenoleukodystrophy 

G507V P543L 

 S552P S552P 
 S606P/L Q556R 
 G608D P560R 
 E609G/K M566K 
 E630G  
 S633I  
 V635M  
 S636I  
[ABCG5] Sitosterolemia  E146Q 
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Discussion 
 

We have comprehensively mapped known disease-associated mutations to 

putative interfaces and found that 68 disease-associated positions in 10 

transporters fall at putative interfaces. This indicates that a majority of disease-

associated ABC transporters (10/17) have mutations at interface regions. Single 

residue point mutations were the most common and accounted for 65 of the 

disease-associated positions; the other three were single residue deletions. 

Thirty-eight mutations were at the NBD/NBD interface and 30 at the NBD/TMD 

interface.  We hypothesize that many disease-association mutations involving 

ABC transporters may be due to disruption of domain-domain binding 

interactions. 

 
Proper function of ABC transporters involves cycles of substrate binding and 

release which are currently thought to be governed by an 'ATP switch'-type 

mechanism with ATP binding and hydrolysis causing formation and dissociation 

of an NBD/NBD dimer. The switch, between open and closed dimer states, 

causes conformational changes in the TMDs that enable substrate transport (71). 

While large conformational changes have been seen in mammalian ABC 

transporters using electron microscopy, (82, 83) the specific residue interactions 

at both the NBD/NBD interface and the TMD/NBD interface that are involved in 

these interactions in human transporters is lacking.  
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The lack of conservation at the TMD/NBD interface coupled with the large 

number of disease-associated mutations at this interface (Table 2) suggests that 

NBD/TMD mutations might lead to defects in folding and maturation rather than 

directly affecting function of a properly processed, intact transporter. The ΔF508 

mutant falls at the TMD/NBD interface and leads to an immature protein that is 

tagged for degradation and does not localize properly to the cell membrane (68). 

A recent study showed that mutating the analogous residue in P-glycoprotein 

(MDR1), Y409, also led to an immature form of the protein with an altered 

NBD/NBD interface. This observation indicates a misfolded protein with improper 

or incomplete domain associations (84). Another predicted TMD/NBD interface 

mutant, R1435Q mutant in ABCC8, could not form functional KATP channels and 

showed 10-fold reduced expression compared to wild-type ABCC8. Either protein 

instability or defective transport to the cell membrane could cause this phenotype 

(85). 

 

Given the 30 disease mutants at this interface, the lack of conservation at the 

NBD/TMD interface does not indicate that this region is unimportant for ABC 

transporter function. However, it suggests that instead of a larger conserved 

interaction footprint as seen in the NBD/NBD interface, perhaps a small number 

of conserved residues form the necessary contacts for communication between 

the domains. In the TMD of BtuCD, the A221 in the L2-loop is one of only three 

moderate to highly conserved residues in the TMD. In MsbA, the residues G122 

and E208 are well conserved, and contribute to the TMD/NBD interface.  
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Figure 3-4: Representative sequence conservation at putative ABC transporter 

interfaces 

Residue conservation was mapped on to the structure of an NBD dimer from M. 

jannaschii (PDB ID: 1L2T) (72). Conservation is colored from black to white, with black 

indicating high conservation and white indicating low conservation. The TMD/NBD 

interface region (left panel) defined by alignment to the BtuCD structure is circled, and 

shows low conservation. The NBD interface is visible as a curve of high conservation 

extending from one ATP molecule (shown in stick) to the other. The right panel is rotated 

180 degrees horizontally and shows some solvent-exposed regions of higher 

conservation. 

 

We also suggest a possible interaction site distinct from those observed in the 

crystallographic structures based on conserved surface residues and disease-

association in human ABC transporters (Figure 2B). Surface residues not at 

defined interfaces are generally not well conserved (Figure 4) in our analysis. 

However, a moderate to highly conserved region on the surface of the 1L2T 

structure includes the aligned human mutations: D1099Y, in ABCA1 associated 

with high density lipoprotein deficiency type 2, D614G in CFTR associated with 

cystic fibrosis and T668I in ABCD1 associated with adrenoleukodystrophy.  

 

Observing three different transporters with disease-associated mutations at 

the same solvent-exposed position suggests that this position is conserved for a 
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functional reason. If the residues indeed form part of an interaction site with an 

unknown partner, that partner might also be conserved in multiple transporters. 

Alternatively, these residues could indicate a region that stabilizes 

oligomerization of complete ABC transporters. This example also demonstrates 

the utility of homology transfer annotation for locating functionally important 

residues.  

 

There is little experimental data available defining the specific effect of disease-

associated mutations on ABC transporters. A recent review noted that the 

majority of CFTR mutants have not been experimentally characterized (68). The 

difficulty of working with these large membrane proteins underscores the need 

for computational analysis that provides hypotheses for the mechanism of 

domain interactions in ABC transporters that can be verified experimentally. We 

are currently experimentally testing the function of point mutations at the putative 

NBD/TMD and NBD/NBD interfaces in the human multidrug transporter MDR1 

defined by this analysis. We will also apply our method to new ABC transporter 

structures as they become available. 

Methods 
 

Sequence collection and generation of multiple sequence alignments  
 

There are 35 structures of ABC transporter proteins in the PDB as of July, 2006. 

We selected six for study based on the following considerations: diversity of 

organism representation, diversity of transporter family representation, structural 
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resolution, and completeness of structure as defined by the number of domains 

crystallized. We selected four structures with definable interfaces. Two are 

complete ABC transporters with two NBDs and two TMDs: the structure of the 

vitamin B12 transporter from E. coli (69) and the MsbA lipid A exporter from 

Salmonella typhimurium (86). Two structures are NBD dimers, one from 

Methanococcus jannaschii, and the other from E. coli (72, 73).  The final two 

structures are human transporter NBD monomers (87, 88).  Sequences 

homologous to each of the proteins in Table 1 were culled by iteratively 

searching the Uniprot database (81) using the build_profile module of 

MODELLER (75) with a threshold e-value of 0.01. Build_profile is an iterative 

database searching method, more sensitive than PSI-BLAST (89), that uses 

dynamic programming for aligning profiles against sequences and an empirical 

definition of statistical significance based on the scores collected during the scan 

of the database. Such automated alignments were also generated for each of the 

76 nucleotide binding domains in the 48 human transporters. 
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Table 3.2: ABC transporter domains used in analysis. 

 Gene [PDBID] Organism Res. (Å) Description 
CFTR [1XMI] H. sapiens 2.25 Monomeric NBD1 of the 

cystic fibrosis 
transmembrane conductance 
regulator (88) 

BtuCD [1L7V] E. coli 
 

3.20 Complete structure (two 
TMDs and two NBDs) of the 
Vitamin B12 transporter. Both 
the TMD and NBD were used 
in the analysis (69) 

Mj0796 [1L2T] M. jannaschii 1.90 Dimeric structure of two 
NBDs, unknown substrate 
(72) 

HlyB [1XEF] E.coli 2.50 Dimeric structure of the 
NBDs of the alpha-hemolysin 
transporter (73) 

Tap1 [1JJ7] H. sapiens 2.40 Monomeric NBD of the 
peptide transporter Tap1 (87) 

MsbA [1Z2R] S. typhimurium 4.20 Complete structure of the 
lipid A exporter MsbA, which 
is homologous to human 
multidrug resistance 
transporters (86) 

 

 

The CFTR, BtuC (TMD), BtuD (NBD), Mj0796, HlyB, Tap1, MsbA (TMD) and 

MsbA (NBD) alignments contained 36 199 , 5 444,  36 608, 43 981, 44 134, 28 

251, 6 172 and 45 368 sequences, respectively. The alignments are available at 

http://salilab.org/~libusha/psb2007. 

 

Evolutionary conservation: sequence weights and residue position 
entropies 
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We use Shannon entropy to measure the evolutionary conservation at each 

position (column) in our multiple sequence alignments (90).  Henikoff weighting 

(91) was used to ensure that entropy calculations were not skewed by large 

numbers of highly similar sequences, which can be a problem with large 

automatically generated alignments. In Henikoff weighting, each column is given 

an initial weight of 1, which is divided equally between distinct amino acid 

residues in the column. Within a column, the weight for each amino acid residue 

is divided equally by the number of times it occurs. Finally, the weight of any 

given sequence is the sum of the weights of all of the amino acid residues in the 

sequence. A Shannon entropy: 

  
H = ! Paa log 2Paa

aa=1

20

"                                            (1)  
 
was calculated for each column where Paa is defined as:  

                                                                                       
 

  

Paa =
Saa(i )

Saa(i )
aa=1

20

!
                                                    (2) 

where 
  
S

aa
(i ) = w(i )

i=1

naa

!  and w(i) is the sequence weight and naa is the number of 

amino acid residues of a particular type seen in the column.  Because of the 

minus sign in Equation (1), lower numbers indicate greater evolutionary 

conservation.  A MATLAB implementation of Henikoff weighting and the 

sequence weighting-based Shannon entropy calculation are available on 

request.  
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Interface definition  
 

Domain interfaces were defined according to PiBase, a database of domain 

interactions that uses a 5.5Å cutoff for heavy atom interatomic distances to 

define residues at an interface (80). The functional unit of ABC transporters is 

two transmembrane domains (TMD) complexed with two nucleotide-binding 

domains (NBD) (3, 5, 13).  For the complete ABC transporter structure BtuCD, 

we define three interfaces: NBD/TMD, NBD/NBD and TMD/TMD. For the dimeric 

structures we define only the NBD/NBD interfaces. Putative interface residues in 

partnerless domains were defined by aligning these domains with either the 

BtuCD structure (for TMD/NBD interactions) or with the Mj0796 structure (for 

NBD/NBD interactions) and selecting all residues that align to interface residues. 

Structural alignments were calculated by the salign routine in MODELLER (75). 

Homology transfer annotations 
 

We used the multiple sequence alignments to predict the locations of interface 

amino acid residues in each of the human ABC transporter NBDs.   We assume 

that if a residue aligns to a known interface residue in the 1L2T structure (for 

NBD/NBD alignments) or the 1L7V structure (for NBD/TMD alignments) that it is 

also at an interface in homologous family members. Residues that aligned to 

defined interface residues (Interface definition) were examined for disease 

associations, annotated in the VARIANT records of the Uniprot database (81). 
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Surface conservation 
 

We used the molecular graphics visualization program Chimera (92)  to identify 

sites of putative binding interactions that have not yet been functionally 

characterized, by locating surface regions of medium to high conservation 

(excluding defined interface sites).  Medium conservation is defined as no greater 

than half of the highest column entropy found in a given MODELLER alignment  

(Figure 2B). 
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4 Mutational analysis of human ABC transporter 
nucleotide binding domains reveals functional 
hotspots 

 
 
The human ATP-binding cassette (ABC) transporter superfamily consists of 48 

transmembrane proteins that couple the action of ATP binding and hydrolysis to 

transport of diverse substrates across a cellular membrane. Defects in 18 

transporters have been implicated in human disease. In hundreds of cases, 

disease phenotypes and defects in function can be traced to non-synonymous 

single nucleotide polymorphisms (nsSNPs). The functional impact of the majority 

of ABC transporter nsSNPs has not yet been experimentally characterized. Here, 

we combine experimental mutational studies with sequence and structure 

analysis to analyze the impact of nsSNPs in ABC transporters. First, we 

rationalize the strong disease associations of 25 nsSNPs in eight transporters by 

identifying two conserved loops and a small α-helical region that may be involved 

in inter-domain communication necessary for transport. Second, we develop an 

approach to discriminate between disease-associated and neutral nsSNPs 

tailored to this superfamily. Finally, we predict the impact of 39 unannotated 

nsSNPs in seven ABC transporters identified in 250 ethnically diverse individuals 

as part of our Pharmacogenetics of Membrane Transporters project. Four of our 

predictions are validated experimentally using HEK cells stably transfected with 

reference multidrug transporter ABCC4 (MRP4) and variants to examine 

functional differences in transport of nucleotide/nucleoside analogs. An additional 
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three mutations in ABCB1 were experimentally characterized in vitro, two in a 

yeast system and one in a human cell culture system, after our predictions were 

made. Our analysis provides a structural and evolutionary framework for 

rationalizing and predicting the functional effects of point mutations in this 

clinically important membrane transporter superfamily.  

Introduction 
 
 
ABC transporters are found in organisms from archaea to humans (59). In 

humans, the 48 ABC transporters are divided into seven families, named ABCA-

G.  Substrates vary widely across the transporters, ranging from chloride ions to 

lipids to bile salts. Despite different substrates, however, ABC transporters from 

all organisms share a common overall domain architecture.  ABC transporters 

are composed of a transmembrane domain (TMD) and a globular nucleotide-

binding domain (NBD) that associate to form a complete transporter. These 

domains can be separate genes, as in the case of the Escherichia coli vitamin 

B12 transporter (69) and other bacterial ABC transporters, or they can be on the 

same polypeptide chain, as in human ABC transporters (70). A dimer of paired 

nucleotide-binding and transmembrane domains is thought to be the minimum 

required unit for transport function, as seen in the recent complete structure of 

the multidrug transporter Sav1866 from the bacteria Staphylococcus aureus (93).   

 

Although there are few high-resolution structural examples of complete, four-

domain ABC transporters, there are many structures of isolated NBDs from a 
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variety of organisms.  As of 06/24/08 there were 54 structures in the PDB with 

the SCOP classification ‘ABC transporter ATPase domain-like’ from 12 different 

species, including mouse and human (36, 94). This provides an excellent source 

of templates for comparative modeling of human ABC transporter NBDs for 

which no high-resolution structural data is available. Comparative models provide 

clues to the mechanism of disease association first by allowing examination of 

the structural consequences of mutating particular positions in the NBDs and 

second by enabling a broad view of structural conservation across the whole 

superfamily.   

 

ABC transporters play important roles in human health, both as efflux pumps for 

xenobiotics like anti-cancer agents, and because defects in these proteins cause 

disease. Some human transporters, such as P-glycoprotein (ABCB1), BCRP 

(ABCG2), and members of the ABCC family, are implicated in multidrug 

resistance in cancer phenotypes because they can transport structurally diverse 

drugs out of cells. A recent review implicated 12 ABC transporters from four 

families in in vitro multidrug resistance in tissue culture-maintained cell lines (95).  

Furthermore, 18 ABC transporters are associated with monogenic disease 

phenotypes (96). Examples include the ABCD protein family members, likely 

regulators of long chain fatty acid transport, found in the peroxisomes of human 

cells.  One member of the ABCD family, ALD (ABCD1) is implicated in the 

neurodegenerative disorder adrenoleukodystrophy (97). The CFTR gene 

(ABCC7) is a chloride ion transporter and genetic aberrations in the protein are 
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responsible for cystic fibrosis (68).  Many of these mutations are non-

synonymous coding single nucleotide polymorphisms (nsSNPs) and we focus on 

these to examine their impact on transporter function.  

 

While it would be preferable to experimentally characterize the effects of each of 

the thousands of reported variants in ABC transporters, this approach is not 

feasible given the large number of variants. Of 43,308 variants in the human 

polymorphism table in Uniprot (05/20/08), 1,009 are in ABC transporters (81). In 

addition, the difficulty of working with these large membrane proteins in the wet 

lab also makes them poor subjects for high-throughput experimental studies. For 

example, there are no complete high-resolution structures available for 

eukaryotic ABC transporters; the majority of cystic fibrosis-associated mutations 

in the CFTR gene have yet to be functionally characterized (68). Instead, we 

propose a combined experimental and computational annotation of SNPs and 

putative functional regions in the globular domains of ABC transporters.   

 

Here, we consider nsSNPs from all human ABC transporter nucleotide binding 

domains and comprehensively map them to comparative protein structure 

models of the NBDs.  We first generate multiple sequence alignments and 

comparative models for 74 nucleotide-binding domains from the 48 known 

human ABC transporters for which no high-resolution structural data is available,. 

We next map 275 variants previously annotated as polymorphic or disease-

associated to the alignments and structures and identify regions with strong 
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disease-association in multiple transporters. These mapped, annotated variants 

are used to train multiple classifiers to distinguish between polymorphic and 

disease-associated nsSNPs. The classifiers are validated using annotated 

variants that were held out of the training data. Finally, the best performing 

classifiers were used to predict the effects of 46 unclassified variants in seven 

transporters discovered by our Pharmacogenetics of Membrane Transporters 

project at UCSF (http://pharmacogenetics.ucsf.edu/). We validate four of those 

predictions experimentally in the multidrug resistance-associated transporter 

ABCC4 (MRP4).  

 

Results and discussion 
 
We begin by describing comparative model building and assessment and 

mapping of ABC transporter nsSNPs on to structures and alignments. We 

describe three conserved structural regions that contain a total of 25 disease-

associated mutations. Next, we detail the performance of our point mutant 

classifier and describe the structural locations of annotated disease and neutral 

nsSNPs. We then predict the impact of point mutants in the unannotated ABC 

transporter mutants defined by the Pharmacogenetics of Membrane Transporters 

(PMT) project and give four detailed examples of variant annotations, two of 

which were confirmed experimentally. 

 

Model building and assessment  
 
We built models for 76 human ABC transporter NBDs, excluding those with high-
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resolution structures (Materials and Methods; Supplementary Materials): ABCC1 

NBD1 (PDB:2cbz) (98); CFTR NBD1 (PDB:1xmi, 2bbs) (88) and TAP1 

(PDB:1jj7) (87). Models were selected based on coverage and model score; 15 

different structures were used as templates for one or more of the final models. 

We predict the magnitude of errors in our models by assessing each using the 

DOPE Z-score, a normalized statistical potential based on globular protein 

structures in the PDB (65) (Methods). The mean DOPE score for all NBD1 

domains was -0.68, where a score of less than zero indicates a reliable model. 

The average length of the modeled NBDs was 231 residues. The average 

sequence identity of the template structure with the target sequence was 37%.  

We use the models to calculate coarse-grained structural features to assess the 

likely effect of nsSNPs on the function of the protein. For this purpose, we need 

features such as correct surface vs core localization, and to identify loop vs core 

regions. This level of granularity requires a correct alignment between the target 

and template sequences, which we can guarantee given our assessment 

measures. 

 

Although the sequences for NBDs are diverse, we find that structural features of 

these domains in human ABC transporters are well conserved (Figure x). For 

example, a structural alignment of all NBD1 models and structures with 

backbone RMSD calculated with respect to the representative structure of the 

bile salt export pump (ABCB11) NBD1 has 157 residues with a match RMSD of 

less than 3 Å and 189 residues less than 5 Å. This conservation suggests that 
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structural features that are important for function may be conserved across the 

whole superfamily. 

 

All models are available in the ABC transporter dataset of the ModBase databse 

of comparative models: http://salilab.org/modbase/search?dataset=ABC. 

Supplementary materials can be found at 

http://www.salilab.org/~libusha/pubs2008. 

SNP collection and mapping  
 
 
We collected 271 nsSNPs in human ABC transporters from the VARIANT field of 

the SwissProt database identifiers for each transporter (81). The nsSNPs came 

from 16 transporters, representing five out of the seven characterized ABC 

transporter families; 223 were disease associated and 48 were neutral.  Variants 

were mapped on to each NBD structure and the structures were aligned using 

the SALIGN routine in MODELLER (75). Disease-associated mutations were not 

confined only to known functional regions, such as the ATP-binding site, 

suggesting additional functional regions in ABC transporters.    

 

Structural hotspots for disease-association 
 

Using the alignments and mutational data, we identified three previously 

uncharacterized structural features that are associated with disease in multiple 

ABC transporters: (1) an arginine-alanine-arginine motif at a putative domain 
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interface and two conserved loops: (2) the exposed C-loop 1, and (3) the putative 

human NBD/intracellular partner interface C-loop 2 which forms part of a 

disease-association network of residues that stretches across the intracellular 

surface (Figures 1 and 2). 

 
 

 
Figure 4-1: Conservation of binding site motifs and uncharacterized conserved 

regions in human ABC transporter nucleotide binding domains. 

A multiple structure alignment of human ABC transporter NBD comparative 

models highlights the strong conservation in functional regions. Previously 

described known functional regions are outlined in red, newly characterized in 

black.  
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B.

 
Figure 4-2: Structural modeling of human ABC transporters. 

A) Comparative models of NBD1 (template PDB id: 2ff7, dark gray) and NBD2 

(template PDB id: 2ixe, white) were structurally aligned to the Sav1866 structure 

of a multidrug resistance homolog and known disease-associated positions in all 

human ABC transporters were mapped on to each NBD. ADP shown in stick, 

ADP coordinates from the Sav1866 structure (PDB id: 2hyd).  B) Structural 

conservation in human ABC transporters. A structural alignment of 48 NBD1s 

and 31 NBD2s demonstrates strong conservation across these domains with 

most variation seen in loop regions. Match distance is based on alignment to the 

comparative model of human BSEP (ABCB11) NBD 1 and 2 and mapped to 

models of human MDR1 NBD1 and 2. 
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Disease associated mutants at a putative communication interface between 

the globular and membrane domains 

Mutations in the ARA motif, which forms a small partially-buried α-helix, may play 

a role in interactions between the transmembrane domains and nucleotide 

binding domains in ABC transporters. Mutations in this motif are associated with 

disease in seven human ABC transporters: CFTR, SUR1, ALD, MDR2, BSEP, 

ABCA1 and ABCC6 (Figure 3A). The putative interacting transmembrane region 

includes the intracellular coupling loop (ICL) 1 and ICL2 loops described in the 

structure of the E.coli BtuCD Vitamin B12 transporter and the Staphlococcus 

aureus transporter Sav1866 (69, 93, 99) (Figure 3B). The motif is also well 

conserved in mammalian orthologs.  We refer to the positions of this motif with 

their consensus residues in the human ABC transporters: A1 R2 A3. 
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Figure 4-3:Disease associated mutants at a putative communication network 

between the nucleotide binding domains and the transmembrane helices of 

human ABC transporters. 

Mutations in the previously undescribed ARA motif, which forms a small, 

partially-buried alpha helix that may interact with the transmembrane helices, are 

associated with disease in eight human ABC transporters. A surface 

representation of the human ABCC NBD2 model structure is shown in the top 

panel (a) with the ARA motif colored in red, the mobile Q-loop colored purple and 

the TMD of the structure of the Staphylococcus aureus multidrug ABC 

transporter Sav1866 is shown in light blue. The transmembrane segment that 

appears to interact with the Q-loop/ARA region is a portion of the L2 loop 

described by Rees and Locher. b) An alignment shows the ARA motif in NBD1 

and NBD2 domains of human ABC transporters. 

 

In particular, the arginine appears to be disease associated when mutated to a 

number of other residues, including the relatively conservative mutation to lysine 

in CFTR. In the adrenoleukodystrophy (ALD) associated gene ABCD1, the point 

mutants R617C/G/H were all found in ALD patients (97, 100). In ABCC6, the 

gene associated with the connective tissue disorder pseudoxanthoma elasticum 

(PXE), the R765Q mutant was found in a PXE patient (101).  In CFTR (ABCC7), 

the mutants R560K/S/T are all cystic fibrosis associated. In SUR1 (ABCC8), the 

R1492W mutant is associated with persistent hyperinsulinemic hypoglycemia of 

infancy (PHHI) (102). The importance of this conserved arginine in four 

transporters in three families of the human ABC transporter superfamily 

combined with its putative role in an interface interaction between the globular 

and transmembrane domains suggests that some domain interactions and 

communication networks may be conserved across the superfamily.   
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The C-terminal alanine in the ARA motif was found to be neutral when mutated to 

threonine in MRP2 (ABCC2) (103) but in MDR2 (ABCB4), the A546D mutant is 

associated with intrahepatic cholestasis of pregnancy.  When this mutant was 

mapped to ABCB1 and the cognate ABCB1 alanine, A544, was mutated to 

aspartic acid, the resulting protein was not trafficked properly to the cell 

membrane (104).   

 

We hypothesize that the positively charged arginine in the ARA motif contributes 

stabilizing contacts with either the mobile Q-loop or the ICL1 and ICL2 loops in 

the transmembrane domains of ABC transporters. The arginine is found in 30 out 

of 47 NBD1 and 15 out of 31 NBD2 domains of the human ABC transporters.  

 

The ARA motif is not well conserved in the ABCG and ABCA families (Figure 4). 

In ABCA NBD1 and 2, the arginine position (R2) is aliphatic, with the exception of 

ABCA1 NBD2 which has a methionine. The A1 position tends to be either glycine 

or alanine in ABCA and the A3 position tends to be alanine in NBD1 and either 

alanine or the polar residue serine in NBD3. In the ABCG family, which has only 

one nucleotide-binding domain, the trend is similar for A1 and R2 with all 

members having an aliphatic residue in the arginine position except for ABCG2, 

which also has a methionine. In contrast to the ABCA family, the A3 position in 

the G family is either glutamate or glutamine. The motif is also not present in the 

ABCE and F families, which have no currently identified associated 
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transmembrane domains.  

 

C-loop 1: a putative allosteric loop between the membrane and globular 

domains Members of the ABCB and ABCC families include the multidrug-

resistance associated transporters P-glycoprotein (ABCB1) and MRP2 (ABCC2). 

Sequences in these two families include a conserved region that is absent when 

structurally aligned with the NBDs from all human ABC transporters; we call this 

region C-loop 1 for conserved loop 1.  The glutamate in this region is within 3 Å 

of an asparagine in ICL1 in the structure of a bacterial multidrug resistance 

homolog and the loop is oriented toward the TMD (93).   

 

Overall, four mutations in two proteins in C-loop 1 are disease associated. 

D1471H/N and G1478R in ABCC8 are associated with familial hyperinsulinemic 

hypoglycemia and G544V in ABCC7 is cystic fibrosis-associated. The most 

conserved positions in the loop are in a five residue segment with the consensus 

motif: VG[ED][X]G, a short loop closest to the TMD. The final glycine in the motif 

is absolutely conserved in all human ABCB and ABCC NBDs. The two highly 

conserved glycines may be vital for loop formation and positioning. 

 

C-loop 2: a putative interaction surface for intracellular partners The second 

conserved region begins with a previously described conserved histidine that 

plays a role in ATP-binding and hydrolysis. We find that in this ten to 12 residue 

long loop C-terminal of the conserved histidine, there are 11 disease-associated 
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mutations in six different transporters. Only one mutation affects the conserved 

histidine, H2128R in ABCA4.  

 

 
Figure 4-4: An intracellular surface region with conserved disease associations 
C-loop 2 is show in yellow, mapped to the comparative models of human MDR1, NBD1 

(dark grey) and 2 (light grey). An alignment of sequences form the human ABCB family 

is shown at right, disease-associated and polymorphic positions in all human ABC 

transporters are indicated with red and blue stars, respectively.  

 

The C-loop2 connects two β-sheets and is exposed to both the cognate NBD and 

to the intracellular environment. Interestingly, the sequence composition of the 

loop tends to be family specific (Figure 4), with conserved residues varying from 

family to family. For example, in the ABCB family Cloop2 residues 1-5 (C2R1-5) 

[HRLST] are highly conserved, whereas in the ABCA family, the glutamate at 

C2R5 and the arginine at C2R12 are the most conserved residues. Disease 

association was spread out across the loop; there was one mutation each at 
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positions C2R1,3,4,6,7,8 and 10, three mutations each at positions C2R2,10,11, 

and 12 and two mutations at position C2R5.  

 

Conservation is generally used as a metric to suggest disease-association in 

proteins, but in this case we instead see sequence diversity combined with 

disease association across multiple transporters.  We suggest that this 

structurally conserved loop indicates an interaction site with unidentified binding 

partners that may be cell-type or environment-specific. Differential expression is 

common among human ABC transporters. While transporters such as MDR1, are 

expressed ubiquitously, ABCA4 is expressed primarily in the retina. It is not 

unreasonable to assume that interacting partners may be affected by cell-type 

and that this is the source of the sequence diversity that we see in C-loop2.  

 

C-loop2 is part of an extensive network (Figure 4) that stretches across the 

surface of the intracellular face of the NBDs. The distribution of disease-

associated mutations is non-symmetric in NBD1 and NBD2, supporting 

experimental work indicating that the NBDs are not functionally equivalent across 

ABC transporters (105).  

 

Developing a classifier to distinguish between known disease-
associated and polymorphic mutations 
 

Previous work predicting the impact of nsSNPs on function 
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Protein function can be altered by nsSNPs in many ways. Protein expression, 

folding and stability can all be affected by single amino-acid residue changes. In 

addition, post-translational modifications, translocation and interactions with 

partners can also be altered.  In ABCC7, the ΔF508 mutant is the most common 

cystic fibrosis-associated variant, seen in about 2/3 of all cases (68). CFTR 

proteins with this single residue deletion fail to be properly routed to the 

membrane and are degraded. Mutations in the ATP-binding site also disrupt 

function, such as G1302R in the Pseudoxanthoma elasticum-associated ABCC6 

gene (106). Finally, mutations such as the Dubin-Johnson syndrome-associated 

Q1382R in ABCC2 are in a mobile region of the NBD called the “Q-loop” that is 

hypothesized to transmit information between the globular and transmembrane 

domains of ABC transporters.  

 

Prior work on nsSNP prediction includes sequence-based methods like SIFT, 

(107), methods using sequence and structure data (108), and methods using 

solely structural information (109). Supervised learning approaches have 

previously been used to successfully assess the functional impact of nsSNPs 

both in individual proteins such as human BRCA1 (110), in unrelated 

comprehensively mutated globular proteins (111), and finally in large sets of 

nsSNPs from a diverse set of human proteins (112). Here, we take a supervised 

learning approach using random forests to combine a set of features 

representing the consequences of individual nsSNPs in human ABC transporters 

(Figure 5). 
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Feature selection and calculation 

We calculate a set of 13 sequence, structure, and evolution-related features for 

each point mutant (Figure 5B). These features were previously demonstrated to 

perform well on a benchmark set of the comprehensively mutated globular 

proteins Bacteriophage T4 lysozyme and Escherichia coli lac repressor, as well 

as for automated annotation of several thousand SNPs collected from dbSNP 

and OMIM. (111, 112) 

 

Classifier training and testing 

We tested each of the random forest classifiers using two independent datasets. 

The first test set was 275 annotated point mutants in human ABC transporters; 

215 disease-associated and 60 neutral (Methods).  The ABC transporter set is an 

independent test set for the clinical and experimental random forest because 

none of this data was used to train either of those classifiers. The clinical random 

forest outperformed the experimental with an accuracy of 78%, compared with 

55% for the classifier trained on experimental data (Figure 5B).   

 

A. 

 
B.  
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Figure 4-5: Performance of random forest supervised learner on a test set of 72 

cystic fibrosis-associated mutations. 

A) The clinically trained random forest performs best on both the cystic fibrosis 

test set and the ABC transporter test set. B) A receiver-operator curve (ROC) 

showing the true-positive and false-positive rates for the clinical, experimental 

and ABC transporter-trained random forests on the cystic fibrosis test set at left. 

At right is a list of the 11 features used in classifier training.  

 

The second test set was a subset of the ABC transporter set consisting of 72 

annotated point mutants from the cystic fibrosis transmembrane conductance 

regulator protein (CFTR), a human ABC transporter that transports chloride ions 

across epithelial cell membranes (113) (Figure 5B). This set includes 59 point 

mutants annotated as disease-associated and 13 annotated as "polymorphic".  
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The clinical and experimental random forests as well as an additional random 

forest trained on the ABC transporter data minus any CFTR point mutants were 

tested on this data. Again, the clinical classifier performed the best, with an 

accuracy of 86%, the experimental random forest had an accuracy of 60% and 

the ABC transporter random forest had an accuracy of 82%. These results 

support previous work suggesting that the Uniprot set represents the best 

available information on the effects of point mutants in human proteins (114).   

 

Feature trends and importance 
 
Our features fell into three broad categories: structural, evolutionary and 

sequence (Figure 5). For the ABC transporter nsSNPs, structural trends included 

the correlation between disease-association and altering positions with buried, 

charged residues. Of 29 total buried charge change variants, 26 were disease-

associated and only three were neutral. Sequence trends included a higher mean 

Grantham score for disease vs neutral nsSNPs, and for the evolutionary 

features, a counterintuitive trend of higher relative entropy (meaning less 

conservation) for disease vs neutral nsSNP positions.  

 

Despite these trends, individual features and heuristic cutoffs are not sufficient 

for accurate prediction because there is not a clear separation between disease-

associated and neutral nsSNPs. We instead used the random forest algorithm to 

combine the features for accurate prediction. Two measures of feature 
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importance calculated by the random forest are mean decrease in accuracy, and 

mean decrease in the Gini criterion. The relative importance of features for the 

clinical classifier, our best performer, are similar; the top five most important 

features for accurate prediction included two structural features (solvent 

accessibility of mutated and wild-type residue), one sequence feature (Grantham 

score) and two evolutionary features (position conservation score and relative 

entropy based on multiple sequence alignments). A random forest trained on 

only the top five features does similarly to our random forest trained on all 11 

features but has a slightly poorer area under the curve value: 0.86 for the mean 

decrease in accuracy and 0.78 for mean decrease Gini features vs 0.89 for the 

classifier trained on all of the features.  

 

Structural features of disease-associated and polymorphic positions 
 
 
Dubin-Johnson associated point mutant R768W in ABCC2 A homozygous 

R768W mutation in ABCC2 was found in the genomic DNA of a patient with 

severe Dubin-Johnson syndrome (115). The arginine is three residues C-terminal 

of the ABC transporter signature sequence and is in close proximity to both the 

ATP-binding site and the interface between this domain and its cognate NBD.  

The buried arginine may form an intramolecular salt-bridge with the aspartic acid 

residue D742, an interaction that is disrupted when the residue is mutated to 

tryptophan (Figure 6). The residues are within 3 Å of each other in both our 

model and in the structure of ABCC1 NBD1 (PDB ID: 2cbz), the template for our 
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model of ABCC2 NBD1. This residue pair is also conserved in all other human 

ABCC family NBD1s, further increasing our confidence in this putative 

interaction.  

 



 85 

 
Figure 4-6: Rationalization of known disease-associated nsSNP R768W in ABCC2 
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In combination with the additional volume of the tryptophan (148 Å3 vs 162 Å3), 

we suggest this mutant affects ABCC2 function by destabilizing the positioning of 

the ATP-coordinating LSGGQ helix. This could lead either to impaired maturation 

of the protein and proper targeting to the membrane or to impaired transport in 

proteins that were properly transported to the membrane.  In fact, one group 

using in vitro HEK cells to stably express the R768W mutants found that this 

mutant did not mature properly and localized in the cytoplasm rather than in the 

cell membrane (115).  

 

Predicting the effect of unannotated nsSNPs in ABC transporters 
 
We used the clinical classifier, our best performer, to predict the effect of 39 

naturally occurring variants from seven human ABC transporters (Table 1). We 

focus on the following four examples of predictions of unannotated nsSNPs in 

four ABC transporters. Two have been validated experimentally.   
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Table 4.1: Predictions of the functional effects of 39 nsSNPs in human ABC 

transporters 

 
 
 

 

A predicted deleterious threonine to methionine mutation in the ABCC3 

protein The buried T809M mutation was found in a Caucasian individual who 

carried no other non-synonymous SNPs in this protein. The threonine to 
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methionine transition eliminates a backbone hydrogen bond..  In a multiple 

structure alignment of both sets of human NBDs in the ABCC family, this position 

is well conserved and almost entirely either threonine or alanine. Furthermore, 

the threonine is also completely conserved in a multiple sequence alignment of 

mammalian ABCC family NBD1 sequences. This residue does not fall within 

range of the ATP binding site, or a domain interface. We hypothesize that 

mutating a smaller polar residue with the potential to hydrogen bond with the 

protein backbone for a larger polar residue that does not hydrogen bond may 

destabilize the folded protein or disrupt the folding process.   

 

A predicted deleterious leucine to arginine mutation in the ABCC6 protein 

The buried L1416R mutation was found only in African American individuals. This 

mutant leads to a charge and size change, which may cause both electrostatic 

and steric strain in the protein. In a structural alignment of all NBD1 models from 

the ABCC family, this position is almost completely hydrophobic (with the 

exception of ABCC2 NBD1 which has the small polar residue threonine in this 

position), again suggesting that substituting in a positively charged residue is 

disruptive. Finally, a multiple sequence alignment of all mammalian ABCC family 

sequences is similarly well conserved, with almost all sequences having only the 

aliphatic residues valine, leucine or alanine in this position (data not shown).   

 

 
 
Assessing the role of natural variation in ABC transporter function This 
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superfamily-level study underscores the importance of considering domain 

interactions in the function of ABC transporters and provides a framework for 

mapping of newly discovered disease-associated or uncharacterized nsSNPs 

and predicting their effect on transporter function.   

 

As demonstrated, the current variation data available for human transporters is 

skewed toward disease-associated mutations. There is, however, a wide range 

of phenotypes associated with these nsSNPs, from severe disease states to 

more mild impacts on health. This demonstrates the need to collect more data on 

natural variation in human populations to more accurately determine what 

features make an nsSNP likely to be neutral.   

 
We use random forests trained on three different sets of nsSNPs, from a clinical 

dataset, an experimental dataset, and an ABC transporter dataset, to explore 

how generally applicable our point mutant features and classification scheme 

are. If protein families have specific restraints that make a classifier trained with a 

large set of proteins (e.g. our clinical and experimental datasets) inappropriate for 

use on a specific fold, we might expect that our best performance would come 

from the classifier trained only on ABC transporter nsSNPs.  In fact, for human 

ABC transporter NBDs, it appears as though the features are general enough for 

good performance on the 275 nsSNPs (78% accuracy and 64% accuracy 

respectively) using the completely independent clinical and experimental 

datasets to train our random forest classifier.   
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The poor performance of the random forest trained on the 203 non-CFTR 

nsSNPs in ABC transporters is explained by two factors: the small number of 

examples used to train the random forest and the imbalance in the negative and 

neutral examples in the data. There were only 47 neutral examples as opposed 

to 156 disease examples; this disparity makes it difficult for the random forest to 

"learn" what a neutral nsSNP feature vector looks like because it has too few 

examples to train on.  

 

Other important components of performance include false-positive (Type 1) and 

false-negative (Type 2) errors. We consider a false-positive example to be one 

where the annotation for a point mutant is "neutral", but the random forest 

incorrectly classifies the example as "disease". Conversely, a false-negative 

example is when a mutant annotated as "disease" is predicted to be "neutral". Of 

the 275 nsSNPs in the set of ABC transporter nsSNPs, only 60 were annotated 

as neutral. The preponderance of disease-annotated mutations also makes it 

difficult to use these nsSNPs to train a classifier, as evidenced by the high false-

negative rate of the ABC transporter-trained random forest on the CFTR data. 

Conversely, the random forest trained on the experimental dataset, which has 

more neutral than disease examples, has a false-negative rate of 0 (meaning it 

correctly predicts all neutral examples), but an extremely high false-positive rate 

of 40%. The clinically trained classifier has a 7% false-positive and false-negative 

rate, and as such has both the best performance and the most balanced error 

rate among our classifiers. One major benefit of projects to catalogue neutral 
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variation will be a better understanding of how sensitive structural regions of ABC 

transporters outside the ATP-binding domains are to mutation and protein 

function.  

 

As more variation and experimental functional data becomes available for ABC 

transporters, we will refine and improve our predictions by adding newly 

annotated nsSNPs to our training set. Our method can be applied to mutation 

data from any of the ABC transporters. The increasing availability of high-

resolution structural data will make our method applicable to greater numbers of 

variants, and future goals include a membrane domain-specific classifier for ABC 

transporter variants. Finally, as variation data for other mammalian species with 

ABC transporters is generated we will incorporate this into our model as well.    

 

Methods 
 

 
We start by describing the computational methods, beginning with collection of 

SNP data and the generation of models and model assessment. We next define 

binding and interaction sites on the ABC transporter NBDs and describe how our 

nsSNP features are generated. We then outline the supervised learning 

approach and define the training, parameterization and testing of our classifiers.  

 

Collection of SNP data  
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To train classifiers to distinguish between deleterious and neutral mutations, we 

used three distinct datasets. Two represent nsSNPs seen in a clinical context, 

such as those found in the CFTR gene of patients diagnosed with cystic fibrosis. 

The other dataset represents nsSNPs in an experimental context, such as point 

mutants found to destroy the function of a protein in vitro. 

 

The "clinical" dataset consists of 5211 annotated disease mutations and 2910 

polymorphisms from Uniprot collected from the SwissProt index of sequence 

variation in human proteins: http://www.expasy.org/cgi-bin/lists?humsavar.txt  

nsSNPs are annotated as "polymorphism", "disease", or "unclassified". Only 

variants that altered amino acid residue identities were used, and unclassified 

mutations were discarded. The "experimental" dataset consists of 1311 non-

functional mutants and 3644 functional mutants assayed from two 

comprehensively mutated proteins: E. coli Lac repressor and Bacteriophage T4 

lysozyme. The "ABC transporter" dataset is a subset of the “clinical dataset”.  

The total number of mutants collected was 271. Of these, 223 were disease 

associated and 48 were neutral. 

 

Unannotated ABC transporter SNPs were obtained from the Pharmacogenetics 

of Membrane Transporters (PMT) project at UCSF, which is part of the 

Pharmacogenetics Research Network. The PMT investigators screened the 

exons of 10 ABC transporters in 247 DNA samples from ethnically diverse 

populations for genetic variation (116, 117). We predicted the effects of 39 
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nsSNPs from seven transporters for which structural models could be built (Table 

1). 

 

Model building and assessment  
 
Sequences for each of the 48 human ABC transporter proteins were input into 

MODPIPE, an automated system for comparative protein structure modeling 

(75).  MODPIPE calculates comparative models for a protein sequence using a 

number of different template structures and sequence-structure alignments. All 

models were assessed using statistical energy Z-scores (65). A Z-score of less 

than zero indicates a good quality model.  

 

For each amino-acid residue substitution found in a protein sequence, we 

performed in silico mutation of its comparative model by applying the 

mutate_model routine in MODELLER, followed by a combination of conjugate 

gradient minimization and molecular dynamics with simulated annealing of the 

mutated residue and its neighbors (Feyfant, et al., 2004).  

 

Structural alignments were done with the SALIGN routine of MODELLER. 

Alignment visualization was done with Jalview (118). 

Defining putative ATP-binding and interface residues  
 

The functional unit of an ABC transporter is two transmembrane domains in 

complex with two nucleotide binding domains. To define putative residue-level 
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domain interactions we aligned models to the structure of a multidrug resistance 

homolog in S. aureus. This structure, similar to other complete ABC transporter 

structures like the vitamin B12 ABC transporter (BtuCD) and to isolated NBD 

dimer structures such as the HlyB NBD dimer from E. coli (73), has the two NBD 

domains arranged in a head-to-tail conformation with the signature (LSGG) motif 

from one NBD across the interface from the Walker A phosphate binding loop on 

the cognate NBD. Putative residues involved in ATP binding were identified as 

any residue within a 5 Å radius of the bound ADP molecules in the S. aureus 

structure. There is significant overlap between ATP binding site residues and 

interface residues in the NBDs as the ATP binds at two sites within the dimer 

"sandwich". 

SNP feature generation  
 
 
Sequence features include residue charge, polarity and volume change and 

Grantham score (119).  Structure features include solvent accessibility measures 

for the wild-type and variant residues. Solvent accessibility is calculated by DSSP 

(120). Evolutionary features include measures of residue conservation in multiple 

sequence alignments. Superfamily level alignments for features were 

automatically calculated by SAMT2K (121).  

Supervised learner training, parameterization, and statistical analysis 
of results  
 
 
The R package randomForest was used for all random forest training, 

parameterizaton and testing. We use three independent sets of mutational data 
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to obtain three trained classifiers as described above.  The "clinical" random 

forest was trained on 5211 annotated disease-associated mutations and 2910 

polymorphisms from Uniprot.  The "experimental" random forest was trained on 

1311 non-functional mutants and 3664 functional mutants assayed from two 

comprehensively mutated proteins: E. coli Lac repressor and Bacteriophage T4 

lysozyme. The "ABC transporter" random forest was trained on 203 point 

mutants from 19 human transporters collected from SwissProt; 47 were 

annotated as polymorphic, 156 as disease-associated.  

 

For each of the three datasets, the random forest with the highest cross-validated 

accuracy in the parameterization run was selected for testing.  Accuracy is 

defined as the number of true positives plus the number of true negatives divided 

by the total number of point mutants in the set. We consider a false-positive 

example to be one where the annotation for a point mutant is "neutral", but the 

classifier incorrectly classifies the example as "disease". Conversely, a false-

negative example is when a mutant annotated as "disease" is predicted to be 

"neutral". We plot a receiver-operator curve to demonstrate the relative 

performances of the clinical, experimental, and ABC-trained random forests and 

we generate a “random" random forest by scrambling the labels of the CFTR 

variants and using the clinical variant-trained random forest (the best performer) 

for prediction (Figure 5). 
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Chapter 5: Conclusions and Future Directions 
 
 

One limitation in our analysis of point mutants in human membrane proteins was a lack 

of high-resolution templates for modeling. Recent successes in obtaining atomic 

resolution structures for homologs to human multidrug resistance-associated ABC 

transporters (93), neurotransmitter transporters (122), and sugar transporters (123) 

open new avenues for examining the structural mechanisms of human disease 

association and for rational drug design targeting individual membrane proteins and 

families.  

 

Developing classifiers specific to membrane-bound residues 
 

Our current set of features for classifying variants is derived from globular proteins and 

these features did not perform as well on point mutants in membrane domains based on 

preliminary studies using collections of mutations in the lactose transporter LacY. New 

features specific to membrane regions should improve prediction.  

 

We started by considering how the cellular environment of residues in membrane 

domains differs from those in globular domains. Features I have already implemented for 

membrane regions include: (1) running TMHMM on a sequence of interest and returning 

a set of residues predicted to be in transmembrane helices (TMHs), (2) calculating the 

PHAT score, from the PHAT (124) scoring matrix for membrane residues, and (3) 

calculating whether mutated charged or polar residues are in TMHs.  
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ABC transporter modeling and prediction of substrate specificity 

 

A recent surge in the numbers of high resolution crystal structures for complete, four-

domain ABC transporters will finally enable more accurate modeling of the substrate-

binding transmembrane domains (125). Models based on these new templates will be 

useful for both rationalizing disease-associated variants and predicting the effects of 

uncharacterized variants in the membrane domains of ABC transporters, similar to the 

work we have done for the globular domains. However, a new and exciting possibility is 

using the models to predict the substrate specificity of ABC transporters.  

 

One feature of the ABC transporters that makes them difficult to study experimentally is 

the fact that they are extremely promiscuous and transport structurally diverse 

compounds. The range of substrates that each of the human transporters (and their 

orthologs in other organisms) is capable of binding is unknown.  In humans, some 

transporters, such as ABCC1-3, have overlapping substrate specificities and can also be 

expressed in the same cell types (126).  In experimental analysis of function, this 

feature of ABC transporters is problematic because it can lead to high background rates 

of transport if the function of only a single transporter is compromised because the 

particular substrate in the may also be transported out of the cell by other ABC 

transporters. A better cataloguing of compound/transporter overlap would illuminate the 

role of individual multidrug-resistance ABC transporters in cancer phenotypes. 

Comparing human ABC transporter substrate specificity with that pathogenic organisms 

such as MRSA Staphylococcus Aureus could highlight ABC transporter targets for 

inhibition in the pathogens which would not affect human transport needs. 
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Neurotransmitter transporter variant modeling  
 

Neurotransmitter transporters are part of a large family of membrane transporters called 

the Solute Carrier (SLC) Superfamily. The human SLCs are split into 47 families 

containing approximately 360 genes (127). The SLC superfamily is broad and 

annotation of these transporters is still in flux. For example, the MATE transporters (SLC 

family 47) were only recently characterized (128), and it is likely that more unannotated 

solute carrier transporters exist in the human genome.   

 

In humans, there are 19 identified neurotransmitter transporters in the SLC6 family 

which transport serotonin, dopamine, amino acids and other substrates (129). Some of 

these transporters are the targets for antidrpressants such as the noradrenaline-

selective and serotonin-selective reuptake inhibitors (130). Their role as drug targets 

makes these transporters particularly interesting subjects for rational drug design. 

Variability in drug response may also be tied to genetic variation in these transporters 

and because of this, comparative models of the human wild-type and variant SLC6 

family members could prove useful for predicting and interpreting human drug response.   

 

The recent structure of a leucine transporter (LeuTAa) from the bacteria Aquifex aeolicus 

(122) provides a template for atomic resolution modeling of the human SLC6 family 

members. Although the overall sequence identity between the bacterial structure and 

eukaryotic homologs (between 20 and 25%) is in the ‘twilight zone’ for successful 

comparative modeling, alignment substitution matrices designed specifically for 

transmembrane helices (124)  and improvements in model assessment [TSVMod] 

should enable accurate alignments and models of members of this family.  
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Sugar transporter family modeling and rational drug design 
 

A recent structure of a sodium/galactose transporter from Vibrio parahaemolyticus will 

enable comparative modeling of proteins in the 12-member SLC5 family, which includes 

three genes with links to genetic diseases. Mutations in the SLC5A1 (SGLT1) gene are 

associated with the autosomal recessive disease glucose-galactose malabsorption 

(GGM). Mutations in SLC5A5 (NIS) are associated with thyroid hormonogenesis, caused 

by defects in iodide transport. Finally, defects in SLC5A2 (SGLT2) are associated with 

familial renal glucosuria, a disease associated with a low renal threshold for glucose 

(131). Interestingly, this transporter is also a target for blood glucose control in diabetics, 

and structural modeling may enable more rational drug design for directed modification 

of SGLT2 function.  Inhibition of SGLT2 using the selective inhibitor dapagliflozin was 

recently demonstrated to improve glucose homeostasis in both normal and diabetic rats, 

suggesting that this transporter in humans (NP_003032.1), which is 29% sequence 

identical to the Vibrio parahaemolyticus sequence, may be a good target for treatment of 

diabetic pathologies (132).  

 

In addition to their value as drug targets, our collaborators at the Pharmacogenetics of 

Membrane Transporters (PMT) project at UCSF are studying natural variation in this 

family of transporters. The PMT has collected 13 non-synonymous changes in SLC5A1. 

Modeling these SNPs will suggest possible mechanisms for protein malfunction in GGM 

(116). 
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SNPs in the context of pathways and interacting partners 
 
We have demonstrated that even coarse-grained structural information gleaned from 

comparative modeling is sufficient to aid in prediction and rationalization of the effects of 

nsSNPs on protein function (52, 133). However, it is obvious that proteins are not 

isolated entities in the cell, functioning on their own. Proteins interact with partners in 

both transiently and in stable interactions. These interacting entities form pathways that 

are likely also affected by variants in individual proteins and as such will be the next 

frontier for the study of the effects of SNPs on protein and cellular function.
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